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Visualizing Performances Losses of Perovskite Solar Cells
and Modules: From Laboratory to Industrial Scales

Genghua Yan, Ye Yuan,* Mory Kaba, and Thomas Kirchartz*

While the efficiencies of lab-sized perovskite solar cells are continuously
rising, a variety of challenges have to be overcome to realize remotely similar
efficiencies in an industrial context. Any changes in the preparation process,
device size, device architecture, and material type are likely to result in efficiency
loss. To date, there have been no solutions that can produce large-area
modules with performance comparable to that of laboratory devices. However,
depending on the type of deposition process, the dominant loss mechanisms
differ significantly, which can guide the further optimization of processes and
devices. In this study, a meta-analysis of state-of-the-art perovskite solar cells
and modules with different preparation methods, area sizes, and material
compositions, is presented. Moreover, the efficiency losses are divided into
five figures of merit and they are visualized to discuss the efficiency-limiting
loss mechanisms that must be overcome for commercialization.

1. Introduction

Perovskite solar cells have been developed for over a decade,
with peak power-conversion efficiencies exceeding 26%,[1] which
is approaching that of silicon solar cells, as well as higher than
that of all single-junction commercial photovoltaic modules,
including silicon, cadmium telluride (CdTe), and copper indium
gallium selenide (CIGS) modules.[2] Therefore, the next hotspot
for the halide perovskite research community is technology
transfer from laboratory to industrial applications. However, the
manufacturing of efficient and stable solar cells and modules in
larger areas is challenging for metal-halide perovskites because
of their sensitivity to heat, oxygen, moisture, and UV radiation.
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Furthermore, the upscaling of processes
developed for small areas requires the
transfer of processes to scalable prepa-
ration methods. Thus far, spin-coating
is still the most widely used prepara-
tion method in laboratories; all devices
with efficiencies greater than 25% have
been prepared using spin-coating (with
one notable exception so far[3]). How-
ever, spin-coating is unsuitable for up-
scaling printed large-area photovoltaics.
The typically considered technologies
that are applicable to printable photo-
voltaics include blade coating, slot-die
coating, inkjet printing, screen printing,
and spray coating.[4] While one of the key
unique selling points for laboratory re-
search on halide perovskites is the abil-
ity to use solution processing (printing

or coating methods), vacuum evaporation is considered for per-
ovskites in both smaller and larger areas. Vacuum evaporation
can produce homogeneous and pinhole-free perovskite films
and has the inherent advantage of enabling the deposition of
high-quality thin films on textured silicon substrates.[5] Addi-
tionally, it is compatible with existing thin-film photovoltaic
manufacturing lines.[6] Vacuum evaporation is a proven process
for large-area thin-film solar modules such as those made from
CdTe and Cu(In,Ga)Se2.[6] Perovskites evaporated using vacuum
processes are free of solvents and solution synthesis processes,
which is the biggest difference from spin-coating. One of the
most significant limitations of the vacuum process is the high
cost. However, this could be mitigated by increasing the evapo-
ration rate. By raising the rate to ≥720 nm min−1 and number
of linear sources to ≥10, the cost of vacuum evaporation can be
reduced to a level comparable to the solution process, which is
considered industrially achievable.[6,7] In fact, the commercial
sector generally holds a positive outlook toward the future of
vacuum technology in perovskite commercialization. According
to Abzieher et al., ≈40% of perovskite module manufacturers
and 70% of equipment manufacturers have indicated that they
engage in vapor-phase deposition.[6] Furthermore, most of these
manufacturers have well-established photovoltaic operations.[6]

In contrast, companies that are announcing their engagement
in printing methods tend to be emerging organizations.[6]

However, printing processes have gained significant attention
in the academic community and have become the subject of
extensive research. The printing methods do not rely on high-
speed rotation, which means that the solvent volatilization rate
of the wet film is much lower than that of the spin-coating
process. Such a low solvent volatilization rate affects the quality
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of the perovskite film, especially for thick films. In addition,
the requirements for the precursor solution are also different;
that is, different methods require different solution properties,
such as viscosity, concentration, surface tension, and contact
angle.[4a,b] Any change in the type of solvent or ink properties
increases the risk of introducing defects or changing the film
formation. Overall, the experience gained from the spin-coating
process is not entirely applicable to new methods. Currently,
only a few studies have reported a champion efficiency of over
24% using preparation methods other than spin-coating.[3,8]

To date, all devices with efficiency >24% have been based on
lab-scale areas (≤1 cm2), and the efficiency decreases rapidly with
increasing area. Single devices with larger areas have not been
widely reported and have exhibited unsatisfactory performance.
Nevertheless, perovskite modules with areas between 10 and
70 cm2 have been developed and reported in recent years. How-
ever, for modules with larger areas (≥100 cm2), only a few stud-
ies have been published.[8b] In addition to encouraging progress
in the academic community, manufacturers have made remark-
able achievements. Perovskite module records were reported by
SolarEon Technology Co., Ltd. (19.2%, 1027 cm2) and Singfilm
Solar (22.6%, 20.25 cm2). Unfortunately, no details were pub-
lished, rendering the results unsuitable for further analysis in the
context of the present study. There are several challenges during
the upscaling procedure, including nonuniform film thickness
and quality, single-device interconnection, increased series re-
sistance, imperfect scribing, and laser etching processes (which
may result in film damage and residues).[4b,9] These problems re-
sult in efficiency loss.

Perovskite materials face stability issues during their devel-
opment. The intrinsic instabilities (e.g., organic contents and
crystal-phase transition), as well as extrinsic factors (e.g., mois-
ture, elevated temperature, continuous illumination, and bias
voltage), cause the decomposition of perovskite absorbers and
degradation of related devices,[10] which can be further attributed
to an undesirable Goldschmidt tolerance factor, degradation
of the organic components of the device, ion migration, and
defects.[10a,11] To improve stability, approaches for defect passi-
vation, substituting organic cations, and water and oxygen barri-
ers have been investigated. It has been reported that light- and
heat-induced degradation are related to defects.[12] Therefore,
defect passivation can improve not only the efficiency but also
the stability of perovskite solar cells. In addition, all-inorganic
and quasi-2D perovskites have attracted considerable attention
as potential alternatives to hybrid 3D perovskites. By substitut-
ing organic components with inorganic ones, all-inorganic per-
ovskites exhibit better thermal stability than perovskites with or-
ganic A-site cations.[13] They can sustain a temperature that is
higher than the conventional perovskite encapsulation tempera-
ture (≈140 °C) and device operating temperature (≈85 °C).[4b,14]

Quasi-2D perovskites exhibit excellent moisture stability owing to
the introduction of hydrophobic bulky organic cations.[15] Mean-
while, quasi-2D perovskites also possess small nonradiative re-
combination losses, strong van der Waals interactions, and high
formation energy.[15a] Nevertheless, as emerging materials, the
efficiency of solar cells based on all-inorganic and quasi-2D per-
ovskites is still not comparable to that of their hybrid halide coun-
terparts. Therefore, understanding the distribution of energy loss
is important for further development.

In summary, many factors cause efficiency losses that can sig-
nificantly increase when scaling up to larger areas and when
using roll-to-roll compatible printing methods. These efficiency
losses must be thoroughly understood and reduced before com-
mercialization. As shown in this article, the dominant loss mech-
anisms vary depending on the deposition process and the ex-
act absorber composition. Therefore, it is important to quan-
tify different losses and understand their corresponding physi-
cal mechanisms. In this study, we systematically present a meta-
analysis of state-of-the-art perovskite solar cells and modules with
different preparation processes, area sizes, and compositions.
Moreover, we analyzed the physical mechanism corresponding
to the losses by breaking them down into several figures of merit
(FoMs) representing the photocurrent, resistive, and recombina-
tion losses.

2. Theoretical Methodology

In Table 1, we summarize the core equations for the FoMs and
the corresponding physical loss mechanisms used for loss analy-
sis. The basic parameters of the cell are included in these FoMs.
In Equation (1), the relationships between 𝜂, Voc, Jsc, and FF are
described, and the efficiency loss is broken down into five FoMs,
indicating the short-circuit current density, fill factor, and open-
circuit voltage losses separately. The Fsc term in Equation (3) re-
flects the photocurrent loss owing to photons that have not been
effectively absorbed and converted. Equation (2) expresses the fill
factor under ideal conditions (i.e., without series resistance and
with infinite parallel resistance). Generally, the fill factor slightly
increases with Voc, which is illustrated by the FVOC

FF from Equation
(4), and is typically a small loss for all studied cases. However, be-
cause the resistive losses and nonunity ideality factors were not
considered in Equations (2) and (4), the measured fill factor (re-
garded as FFreal) would be lower than FF0(V real

OC ). This FF loss is
reflected in the figure of merit Fres

FF in Equation (5). Moreover,
there are three open-circuit voltages in the equations: the actual
open-circuit voltage V real

OC of a real device, the open-circuit volt-
age V rad

OC in the radiative limit, and the open-circuit voltage VSQ
OC in

the SQ model (i.e., radiative limit combined with a step-function-
like absorption). The calculation method of V rad

OC was elaborated
in detail by Krückemeier et al.[16] The factor Fnonrad

OC considers the
nonradiative recombination loss, whereas Frad

OC is a measure of
the abruptness of the absorption edge. Thus, the more the ab-
sorptance resembles a step function, the closer to unity the Frad

OC
will be. Equations (8)–(10) exhibit the calculation methods for the
voltage loss. The total voltage loss ΔVoc can be divided into two
parts: the radiative recombination loss ΔV rad

OC and the nonradia-
tive recombination loss ΔVnonrad

OC . Similar to Fnonrad
OC , the voltage

loss ΔVnonrad
OC depends on the density of defects and the charge-

carrier lifetimes. Moreover, we discuss the operational stability
of perovskite solar cells. To evaluate the stability, we adopt EΔ𝜏
(Δ𝜏 = 1000 h) as an indicator, which has been described in Equa-
tion (11).[17] Currently, highly stable perovskite solar cells can
achieve an E1000h of >20 Wh cm−2.[17]

Using the equations listed in Table 1, we can analyze the
efficiency-loss distribution of photovoltaic cells and modules.
As shown in Figure 1a, the efficiency of lab-scale perovskite
cells (26.7%)[2] has reached third place in the group of single-
junction cells and its normalized efficiency 𝜂real/𝜂SQ (84.09%) is
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Table 1. SQ model equations, figures of merit (FoMs), operational stability test energy yield, corresponding description, and labeled colors in the
figures.[16,18]

No. Equation Description Label

(1)
𝜂real

𝜂SQ
= FSC

Vreal
OC

Vrad
OC

Vrad
OC

VSQ
OC

FF0

(
Vreal

OC

)

FF0

(
VSQ

OC

) Fres
FF The SQ efficiency percentage is defined with the help of five FoMs. The VOC, JSC,

and FF implicit in these FoMs. The calculation method of Vrad
OC is shown by

Krückemeier et al.[16]

N/A

(2) FF0 =

qVOC
kTcell

− ln
(

qVOC
kTcell

+ 0.72
)

qVOC
kTcell

+ 1
Ideal fill factor value without any resistive losses and with nid = 1. N/A

(3) FSC = JSC∕JSQ
SC FoM. Photocurrent loss.

(4) F
VOC
FF = FF0

(
Vreal

OC

)
∕FF0

(
VSQ

OC

)
FoM. FF loss due to the loss in Voc.

(5) Fres
FF = FFreal∕FF0

(
Vreal

OC

)
FoM. FF loss due to the series, parallel resistance.

(6) Fnonrad
OC = Vreal

OC ∕Vrad
OC FoM. Nonradiative recombination voltage loss.

(7) Frad
OC = Vrad

OC∕VSQ
OC FoM. Voltage loss due to discrepancy between the actual absorption coefficient and

the assumed step-function.

(8) ΔVOC = VSQ
OC − VOC Total voltage loss calculation method. N/A

(9) ΔVrad
OC = VSQ

OC − Vrad
OC Radiative recombination voltage loss calculation method. N/A

(10) ΔVnonrad
OC = ΔVOC − Δ Vrad

OC = Vrad
OC − VOC Nonradiative recombination voltage loss calculation method. N/A

(11) EΔ𝜏 =

Δ𝜏

∫
0

Pout dt =

Δ𝜏

∫
0

Pin 𝜂 dt Operational stability test energy yield EΔ𝜏 , which is used to quantify the stability of
the device. Δ𝜏 is the duration time of the test, and here we fix Δ𝜏 = 1000 h in

this paper. Pout and Pin are the output and incoming power density, respectively.
𝜂 is the efficiency of the cell.[17]

N/A

Figure 1. Comparison of losses for certified single-junction cells and modules. The light-colored background was used to represent the module samples.
Note that the y-axis of the figures is plotted logarithmically to ensure that changing the order of the losses does not change the size of the bar segments.
The perovskite module exhibits significant increases relative to the cell in all losses, especially in terms of FSC, Fres

FF , and Fnonrad
OC . Please note that the

efficiency record for perovskite modules has recently reached 19.2% for an area of 1072 cm2 and 20.6% for a slightly smaller area of 215 cm2. Furthermore,
19.9% was achieved for a CdTe module;[1a,b] however, detailed information (e.g., EQE spectra, number of subcells) have not yet been published, and
thus, we cannot calculate the corresponding figures of merit.
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Figure 2. Evolution of the efficiency 𝜂 for perovskite solar cells and modules toward commercialization and the corresponding key influencing factors.

even slightly higher than crystalline silicon (83.94%) and only
marginally lower than that of GaAs (87.69%). However, as a mod-
ule with an area >800 cm2, its efficiency (≈19%) and 𝜂real/𝜂SQ-
ratio (≈60%) are far behind those of GaAs and c-Si modules.
All losses increased during the upscaling process of halide per-
ovskites. Compared with the most successful commercial c-Si
modules, perovskite modules are far behind in terms of FSC, Fres

FF ,
and module area.

There are several obstacles to the commercialization of per-
ovskite photovoltaics, including module manufacturing, scalable
perovskite preparation, film/device stability, the substitution of
toxic solvents, and ambient-air preparation. Figure 2 shows the
efficiency evolution for each key step based on the current state-
of-the-art. Among these issues, the first three goals are the most
important, and can directly determine the chances of success-
fully commercializing perovskite modules. In this study, we focus
on three aspects: the cell and module area, scalable preparation
method, and stability, and illustrate the development of efficiency
losses as a function of these additional constraints.

3. Perovskite Preparation Processes

3.1. Meta-Analysis

Figure 3 shows the performance of high-efficiency perovskite so-
lar cells prepared using different preparation methods for the
perovskite absorber layer. We analyzed and discussed the devices
with the highest efficiency (at least 𝜂 ≥ 18%) for each category. We
adopted a unified inflection point method to acquire the bandgap
Eip

g of each device;[16,18c] thus, all the data points in the figure are
based on such a unified bandgap calculation method. Note that
we were unable to consider publications that did not report the
external quantum efficiency spectra. Spin-coated perovskite so-
lar cells generally show the highest efficiencies among all pro-
cessing methods. The best certified efficiency is ≈26.7%, and
many groups have reported devices with champion efficiencies
𝜂 ≥ 25%.[3,19] The values of JSC, VOC, and FF are very good and
higher than those of other methods. In recent years, vacuum-
prepared devices have undergone significant advancements in
terms of their efficiency. Prior to 2022, the champion efficiency

was ≈20.5%.[20] In 2022, this efficiency rose to ≈24.4% on a scale
of 0.1 cm2.[8a] In 2024, a new recorded efficiency of 26.41% (with
certified value of 26.21%) was reported on a 0.1 cm2 scale, along
with a certified value of 24.88% on a 1 cm2 scale.[3] Among all
printing methods, the blade coating process shows the highest
efficiency. An efficiency 𝜂 = 24.6% (0.08 cm2) was achieved with
blade coating in 2023, followed by slot-die coating (23.4%),[21]

R2R-compatible blade coating (21.76% for flexible devices),[22]

inkjet printing (21.6%),[23] screen printing (20.52%),[24] and spray
coating (19.6%).[25]

As the bandgap energy differs from device to device, simple
performance indicators are not sufficient to make a fair compar-
ison between different devices within the lead-halide perovskite
material family. Therefore, we calculated the fraction of each
performance indicator relative to the value in the SQ-model for
the given bandgap, as shown in Figure 4. The spin-coated devices
exhibited the highest ratios, with 𝜂/𝜂SQ >80%, JSC/JSQ

SC ≈95%, and
VOC/VSQ

OC, FF/FFSQ between 90% and 95%, which are the targets
for other methods. Furthermore, we calculated the nonradiative
recombination voltage loss ΔVnonrad

OC using the method presented
by Krückemeier et al.[16] and plotted it along with the bandgap
Eip

g and JSC/JSQ
SC (shown in Figure 5). The voltage loss ΔVnonrad

OC
correlates with the defect density of the film. Figure 5 shows that
spin-coated samples can easily achieve ultralow voltage losses
ΔVnonrad

OC ≤ 50 mV, which means that solution-based defect pas-
sivation techniques are already mature and defects are no longer
the main barrier for further development of the top spin-coated
perovskite solar cells. The vacuum process is in second place
and has achieved a champion 𝜂/𝜂SQ of ≈83.60%. However, only
two groups achieved 𝜂/𝜂SQ > 70%, and all reports from the other
groups were lower than 70%. Vacuum-processed devices typi-
cally exhibit good JSC/JSQ, but VOC/VSQ

OC and FF/FFSQ fall behind
the spin-coated samples. As illustrated in Figure 5, only one cell
showed a comparable ΔVnonrad

OC to that of the spin-coated sample,
whereas the remaining cells displayed a significant ΔVnonrad

OC
loss, with >50% of samples having a loss of more than 100 mV.
Although the vacuum method can produce homogeneous and
pinhole-free thick films, which is advantageous for achieving
a high short-circuit current density, the corresponding crystal-
lization control and nonsolution passivation process are more
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Figure 3. Performance of small-area perovskite solar cells as a function of bandgap and perovskite preparation processes as color-coded parameters.
a) Efficiency, b) short-circuit current density, c) open-circuit voltage, and d) fill factor. Spin-coated perovskite solar cell exhibited the highest efficiency
of 26.7%,[2] followed by vacuum (26.41%),[3] blade coating (24.6%),[8c] slot-die coating (23.4%),[21] R2R-compatible blade coating (21.76%),[22] inkjet
printing (21.6%),[23] screen printing (20.52%),[24] and spray coating (19.6%).[25]

challenging to implement than the spin-coating technique.[26]

The blade coating process yielded a high 𝜂/𝜂SQ of ≈78.29%. For
the slot-die coating, a champion 𝜂/𝜂SQ of ≈74.08% was achieved
with a medium fraction of the performance parameters relative
to their respective values in the SQ model. The preparation
mechanisms for slot-die coating and blade coating are similar;
both are based on the concave meniscus caused by the surface
tension of the liquid. The main difference between the setups
is the supply of perovskite ink. The slot-die coating has a spe-
cialized slot die head for a more precise ink supply control.[4a,b]

Both slot-die and blading coatings are quite different from
spin-coating; in particular, they do not have a rapidly rotating
substrate, which means that the rate of transformation from
wet to dry films is quite slow. The solvent volatilization step is
very important for the film quality, especially for thick films. To
overcome this problem, the setups for both the slot-die coating
and blade coating processes are typically equipped with an air-
blowing component to accelerate the volatilization of the solvent
in the film. However, from our meta-analysis, we find that using
such equipment is still insufficient to obtain film quality that
is as good as that of the spin-coated one. Another approach
is to reduce the thickness of the film; however, this certainly
reduces the short-circuit current density. Figure 5 shows that
many blade-coated and slot-die-coated samples generally exhibit
an obvious trade-off relationship between ΔVnonrad

OC and JSC/JSQ
SC .

In addition, roll-to-roll (R2R) systems employ blade coating or
slot-die coating techniques to fabricate perovskite films. There-

fore, we observe that the R2R printed samples follow a similar
trend. In Figures 4 and 5, two R2R printed samples are recorded,
both of which exhibit JSC/JSQ

SC ≈90% and ΔVnonrad
OC > 100 mV. The

best 𝜂/𝜂SQ was ≈70.88%. The other three preparation processes
recorded in the figure are inkjet printing, screen printing, and
spray coating. The best values for 𝜂/𝜂SQ for each preparation
process were ≈68.30%, ≈66.43%, and 64.01%, respectively.
Meanwhile, they all exhibit a low VOC/VSQ

OC ratio, but JSC/JSQ
SC can

exceed 90%. Additionally, these samples show high ΔVnonrad
OC

values >100 mV, which may be due to the induced defects (non-
radiative recombination centers) during the precursor solution
preparation process. A common feature of these three processes
is the perovskite precursor solution (or ink or paste in some situ-
ations). The perovskite precursor solution used for spin-coating
cannot be directly applied to these three processes because they
have different requirements for the solution properties. For
instance, a highly viscous perovskite ink is needed for inkjet and
screen printing processes, whereas the spray coating process
requires a solution with low surface tension and a small contact
angle to ensure the coverage and uniformity of the perovskite
film.[4a,b] Solution- and additive-engineering are widely used to
adjust the solution properties. However, defects were thought to
be introduced into the perovskite film as high-quality perovskite
solutions are quite sensitive. Nevertheless, processes such as
screen and inkjet printing can easily prepare thick films because
of the high viscosity and concentration of the perovskite ink,
which ensures a good JSC performance.
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Figure 4. Performance as a fraction of the respective value in the SQ model for top-level perovskite solar cells for different perovskite preparation
processes. a) 𝜂/𝜂SQ, b) JSC/JSQ

SC , c) VOC/VSQ
OC, and d) FF/FFSQ. Spin-coated perovskite solar cell exhibited the highest 𝜂/𝜂SQ of 84.09%,[2] followed by

vacuum (83.60%),[3] blade coating (78.29%),[8c] slot-die coating (74.08%),[21] R2R-compatible blade coating (70.88%),[22] inkjet printing (68.30%),[23]

screen printing (66.43%),[24] and spray coating (64.01%).[25] Currently, only the JSC/JSQ
SC of the vacuum-prepared device and VOC/VSQ

OC of the blade-coated
device are comparable to those of the spin-coated devices.

Next, we use the FoMs listed in Table 1 to analyze the physi-
cal mechanisms behind the efficiency losses. First, we focused on
highly efficient spin-coated devices. These devices serve as bench-
marks for evaluating the performance of the other methods in
this study. Figure 6 shows the loss distribution of highly efficient
spin-coated devices. The devices are categorized into two groups
in terms of structure: regular and inverted. Inverted devices have
demonstrated significant progress in recent years, with a 2% im-

provement in the certified efficiency from 2022 to 2024, surpass-
ing 26%. This advancement is primarily attributed to the devel-
opment of self-assembled monolayer-based hole-transport layers
and interface engineering,[27] which has resulted in reduction in
FF loss and current loss. Currently, devices with 𝜂 > 25% exhibit
a similar loss distribution for JSC, FF, and VOC, when compar-
ing regular and inverted structures. In 2024, small-area flexible
devices have also demonstrated significant advancements, with

Figure 5. a) Distribution of nonradiative voltage loss ΔVnonrad
OC along with Eip

g . b) Performance distribution of nonradiative voltage loss ΔVnonrad
OC versus

JSC/JSQ
SC for perovskite solar cells prepared by different processes. The square shows the trade-off relationship between the ΔVnonrad

OC and JSC/JSQ
SC for the

blade coating and slot-die coating technologies. In addition, spin-coated devices can easily achieve an ultralow ΔVnonrad
OC ≤ 50 mV, demonstrating the

efficacy of the employed passivation techniques. Blade coating is the only scalable method that can yield a similar ΔVnonrad
OC .

Adv. Energy Mater. 2025, 15, 2403706 2403706 (6 of 28) © 2024 The Author(s). Advanced Energy Materials published by Wiley-VCH GmbH
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Figure 6. Visualized loss distribution for spin-coated perovskite solar cells with efficiencies >25%, as well as some representative flexible perovskite
solar cells (indicated by light-colored background). The certified values are labeled with asterisks*. The others are reported champion values. Most of
the devices showed large FF loss (red bars) and photocurrent loss (yellow bars) but small nonradiative recombination voltage loss (green bars). The
inverted devices show significant efficiency improvement since 2023.

both regular and inverted devices achieving record efficiencies
exceeding 25%.[28] Figure 6 presents several representative flexi-
ble devices, revealing that the efficiency loss is primarily concen-
trated on FSC and Fnonrad

OC , compared to their rigid counterparts of
the same type. After breaking down the VOC loss into two parts,
the results show that the voltage loss caused by nonradiative re-
combination (green bar) is lower than that caused by radiative re-
combination (blue bar) in most cases. As mentioned above, the
nonradiative recombination losses in spin-coated devices are cur-
rently very low (ΔVnonrad

OC ≤ 50 mV, as shown in Figure 5), and
defects are no longer the primary efficiency-limiting factor. For
lab-scale devices, the nonradiative voltage losses are already low.
Thus, further efforts dedicated to further increase a small loss
in lab-scale devices has a poor benefit/effort ratio. To further in-
crease the open-circuit voltage, a potential starting point could be
to reduce the radiative recombination losses, which correspond
to the blue bar (Frad

OC) in the figure. The factor Frad
OC is caused by

the discrepancy between the actual absorptance and the assumed
step function in the SQ model. In Figure 7, we display two EQE
spectra with similar bandgaps and efficiencies but different VOC
loss distributions, which indicate that a smaller Frad

OC corresponds
to a steeper absorption onset. Hence, exploring spectral modula-
tion strategies to make the EQE edge closer to the step function
will be helpful for further Voc improvement. In addition, after
separating the losses into five distinct parts, it is evident that the
red (Fres

FF ) and yellow (FSC) bars are typically the two components
that constitute the largest fraction of the total losses. In the sub-
sequent discussion, we will delve into the mitigation strategies in
detail.

In Figure 8, we visualize the loss distribution of representative
samples from all processes. The spin-coated samples are shown
as references. These results are consistent with the discussion
above. The vacuum samples show a similar small FSC propor-
tion to the spin-coated one, while the blade-coated samples show
similar Fnonrad

OC proportions. These results indicate the strengths
of increasing the photocurrent and reducing the nonradiative re-
combination loss of the two methods, respectively. Additionally,
the blade-coated, slot-die-coated, and R2R-fabricated flexible de-
vices show a large FSC loss or a trade-off relationship between FSC
and Fnonrad

OC , demonstrating the dilemma of balancing defects and
film thickness. The inkjet-, screen-printing-, and spray-coating-
prepared samples have a large Fnonrad

OC proportion in most cases,

which is consistent with the discussion aboutΔVnonrad
OC . Moreover,

the Fres
FF part becomes the determining factor in many cases. Op-

timizing the series and parallel resistances can reduce the related
losses. Nevertheless, the series resistance problem has not yet at-
tracted much attention. Almost all reported devices are prepared
on transparent conductive oxide (TCO) glass substrates. How-
ever, as an electrode, the electrical conductivity of TCO glass is
far behind that of metal, which consequently results in losses ow-
ing to an increased series resistance. This type of loss is further
magnified during upscaling. Optimizing the conductivity of the
TCO and the transport layer, improving the carrier mobility, and
designing the electrode architecture can reduce electrical loss.
Subsequently, we further delve into the technologies of vacuum
evaporation, blade coating, and slot-die coating. These technolo-
gies have experienced remarkable advancements in recent years,
achieving promising efficiencies while concurrently displaying
encouraging progress in the domain of large-area module manu-

Figure 7. Comparison of EQE spectra for typical devices with different
Fnonrad

OC and Frad
OC losses. The spectra were reported by Kim et al.[19c] and

Jiang et al.,[29] respectively. This result suggests that a smaller Frad
OC is cor-

related with a steeper absorption onset.
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Figure 8. Visualized loss distribution for small-area perovskite solar cells prepared using different processes. A light-colored background was used to
distinguish between the different processes. Among the scalable methods, the Fres

FF part is the determining factor in many cases. In addition, the vacuum-
prepared devices show a large Fnonrad

OC loss, while the blade- and slot-die-coated devices show a large FSC loss or a trade-off relationship between FSC and

Fnonrad
OC . However, the inkjet-, screen-printed, and spray-coated samples also have a large Fnonrad

OC proportion.

facturing. Consequently, they are considered to be the most viable
technologies for commercialization in the near future.

3.2. Progress of Vacuum Evaporated Perovskite Solar Cells

Over the last three years, evaporated perovskite solar cells have
demonstrated significant advancements in terms of efficiency,
which can be primarily attributed to the emergence of the
sequential deposition technique. Prior to this, the codeposition
technique was the prevailing method. When employing the code-
position technique, the quality of the film is typically regarded
as the primary efficiency-limiting factor. Commonly, thin films
exhibit small grains, poor crystallinity, and strong nonradiative
recombination, as shown in the loss distribution graphs where
the majority of green bars are quite large (Figure 8) as well as
the corresponding nonradiative recombination voltage losses
are predominantly above 100 meV (Figure 5).[26] During the
codeposition process, both organic and inorganic substances are
simultaneously vapor deposited. The evaporation of organic ma-
terials typically results in high vapor pressure, which impacts the
functioning of quartz crystal monitors, leading to fluctuations in
evaporation-rate detection and uncontrollable variations in film
thickness.[6,30] Moreover, there is a risk of cross-contamination
during the process, which could compromise the film qual-
ity. Fortunately, the situation has improved since 2021 as the
sequential deposition technique, which separately evaporates
organic and inorganic materials, has been developed and be-
come more refined. For instance, Feng et al.,[30] Li et al.,[8a,31]

and Zhou et al.,[3] employed the sequential deposition process
and reported high-efficiency perovskite solar cells. As shown
in Figure 8, their devices show a significant improvement in
performance, particularly in the nonradiative recombination part

(green part in the figure). Utilizing extensive experience in the
field of solution processing is another factor contributing to the
rapid progress observed in recent years. The solution methods
widely incorporates chloride (Cl) into the process of film prepara-
tion to facilitate crystallization.[32] Li et al. successfully prepared
a Cl-alloy-mediated precursor film by depositing PbCl2 in com-
bination with inorganic materials, namely, CsI and PbI2, which
improved the film’s crystallinity and homogeneity.[8a] Addition-
ally, methylammonium chloride (MACl) is commonly employed
as an additive for solution process.[19g,32a,33] Drawing on such
idea, Zhou et al. prepared a MACl layer in a sequential deposition,
and the final device exhibited an efficiency as high as 26.2%.[3]

It is evident that this type of learning from solution methods
proves to be highly effective. However, very few instances have
been reported to date. Numerous additives have proven success-
ful in the solution process, such as alkyl ammonium chloride
(RACl),[19g] propylammonium chloride (PACl),[19g] rubidium
chloride (RbCl),[33] and 1,3-bis(diphenylphosphino)propane
(DPPP, diphosphine Lewis base).[12c] Some of these additives
exhibit synergistic effects. For instance, RACl has been shown to
further enhance device performance when used in conjunction
with MACl.[19g] However, these studies were confined to the
domain of solution-based preparation, indicating that incorpo-
rating these additives into vacuum-compatible processes holds
significant potential. Another primary factor contributing to the
enhanced efficiency, particularly the diminished voltage losses,
is the use of passivation technologies inspired by the solution
methods. Both Zhou et al.[3] and Li et al.[8a] carried out surface
passivation in their studies, which effectively reduced the nonra-
diative recombination losses to below 50 mV. Unfortunately, the
passivation method employed is still a solution-based process,
and the transport layers are prepared by a solution process. In
the future, it will be crucial to investigate the vacuum-based

Adv. Energy Mater. 2025, 15, 2403706 2403706 (8 of 28) © 2024 The Author(s). Advanced Energy Materials published by Wiley-VCH GmbH

 16146840, 2025, 3, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/aenm

.202403706 by Forschungszentrum
 Jülich G

m
bH

 R
esearch C

enter, W
iley O

nline L
ibrary on [21/01/2025]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

http://www.advancedsciencenews.com
http://www.advenergymat.de


www.advancedsciencenews.com www.advenergymat.de

preparation of the passivation and transport layers. Interrupting
the vacuum process complicates the procedure and increases ex-
penses, which is unacceptable in the manufacturing industry.[6]

Nonetheless, the rapid development of the vapor deposition
technology is a pleasant surprise.

In addition to the aforementioned points, there are three
aspects that warrant consideration with respect to vacuum-
evaporated devices. The first pertains to the absorber composi-
tion. Currently, most high-efficiency vapor-deposited devices use
double-cation perovskites (Cs and FA cations)[3,8a,31] Although
this composition has also proven to be effective for solution-based
methods, a greater number of devices with efficiency >25% are
based on more complicated compositions.[29,34] The second point
is the device structure. At present, all devices with efficiencies
greater than 21% adhere to regular structures (i.e., n–i–p). How-
ever, comparatively less effort has been directed toward the study
of inverted structures (i.e., p–i–n). The last aspect is the thickness
of the absorber. Although vacuum evaporation processes have the
capability to yield high-quality thick films, this goal has not yet
been achieved. The thickness of most samples is ≈500 nm so
far.[6,20,35] The limiting factor for thick absorber layers is the low
carrier extraction velocity of the corresponding transport layers.
A thick absorber layer can generate more charge carriers than a
thin one. If these photogenerated carriers cannot be efficiently
extracted by the transport layers, they would accumulate at the
interfaces, resulting in increased recombination for finite load
resistances (i.e., for V < VOC). Consequently, both the FF and
VOC of the device will decrease.[6,36] In recent years, the thickness
of the film has tended to increase to ≈600 nm along with the
reduction of recombination loss (e.g., ≈650 nm;[3] ≈630 nm;[8a]

≈650 nm;[20] ≈600 nm;[37] ≈560 nm[30]). This explains why the
photocurrent loss in the device decreased after 2021. However,
such thicknesses are still not enough for perfect absorption of the
incident sunlight,[6] and there is no significant advantage over the
films prepared by the solution method. Thus, in addition to im-
proving the quality of the film, it is beneficial to increase the thick-
ness simultaneously, which would result in a further reduction in
photocurrent loss. Another strategy is to explore transport layers
with increased drift-diffusion velocity and mobility. This would
not only enhance the FF, but could also decrease the photocur-
rent loss.[38] As mentioned earlier, the carrier extraction velocity
of the transport layer is the predominant factor that restricts the
development of devices with thick perovskite films.

3.3. Progress in Blade-Coated Perovskite Solar Cells

Unlike vacuum evaporation, blade coating has achieved good
progress in both regular- and inverted-structure devices. Both
structures can obtain high efficiency, reaching ≥75% of the SQ
limit (see Figure S1, Supporting Information). In general, per-
ovskite compositions with lower proportion of FA cation are em-
ployed in the blade coating process (as well as slot-die coating).
This contrasts significantly with the high-efficiency spin-coated
device, in which the ratio of FA cation often exceeds 90% of the
total number of cations. The reasons for this distinction relate to
the quality of the film and the use of dimethyl sulfoxide (DMSO).
It is essential to incorporate a significant quantity of DMSO when
coating high-quality FAI-containing perovskite thin films, as the

formation of the FAI–PbI2–DMSO intermediate phase is cru-
cial for crystallization.[39] Nevertheless, DMSO possesses a high
boiling point of 189 °C, rendering it challenging to volatilize the
solvent during the blade coating process. As mentioned before,
printing methods encounter the more severe problem of slow
solvent volatilization when compared with spin-coating. Conse-
quently, decreasing the DMSO content could make it easier to
enhance film quality. Therefore, it is recommended to decrease
the FAI content. Deng et al. demonstrated that utilizing only
dimethylformamide (DMF) as the solvent, it was only when the
value of x was decreased to 0.4 that a blade-coated FAxMA1−xPbI3
film with good coverage and film morphology was possible.[40]

The short-circuit current density serves as the predominant
constraint for the bladed-coated devices. Figure S1 of the Sup-
porting Information illustrates the performance distributions of
regular and inverted devices. No significant differences were ob-
served between these two structures. A small number of devices
have JSC/JSQ

SC values approaching 95%, whereas the majority have
values ≤90%. A possible reason for the lower short-circuit cur-
rent density is the lower absorber thickness. By reducing the film
thickness, more solvent can volatilize from the wet film, so that
the issue of solvent residue would not be as serious as in thick
films. As a matter of fact, many high-efficiency devices have a low
thickness, typically ≤500 nm.[41] However, several studies have
been conducted using absorber layers with thicknesses that are
not excessively low. For instance, Fei et al., Liang et al., and Chen
et al. have employed a thickness of ≈900 nm,[8c] ≈700 nm,[42] and
≈650 nm,[43] respectively, for the absorber layer. The loss distribu-
tion of these devices is displayed in Figure 8 (excluding Fei et al.,
because of the lack of an EQE spectrum). All the represented de-
vices exhibited a large FSC part, illustrating the existence of addi-
tional constraints beyond the thickness that must be considered.
The issues of morphology and uniformity of the blade-coated
films could be one of the reasons for the reduced short-circuit
current density. In 2019, Mundt et al. utilized spatially resolved
measurements to examine the surface of blade-coated perovskite
films, revealing the presence of comet-shaped spots, blade-coated
stripes, and overlaying patterns on the film surface.[44] These fea-
tures alter the short-circuit current density distribution on the
film surface, highlighting the importance of enhancing layer ho-
mogeneity for short-circuit current density improvement. Deng
et al.[45] observed polygon domains on a scale of 20–100 μm and
numerous concentric rings within these domains when using
a substrate-heating process during blade coating. The polygon
domains are primarily caused by Rayleigh–Bénard convection[46]

during blading and are influenced by the temperature of the sub-
strate, whereas the concentric rings are determined by the “cof-
fee ring effect”[47] and are affected by the solution concentration.
Owing to these concerns, it appears that Huang’s group discon-
tinued the use of the substrate heating process in their recent
publications,[8c,39] despite its ability to facilitate solvent evapora-
tion from the bottom of the film.

The issue of voids could be another possible reason for the
reduced short-circuit current density. Numerous studies have
observed a considerable number of pinholes on the surface of
blade-coated films. Furthermore, Chen et al. demonstrated the
presence of voids at the bottom of the film, the depth of which
can reach up to 100 nm. Surface defects and amorphous-phase
perovskites were observed surrounding the voids. Moreover, the
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presence of these voids can cause a split between the absorber
and transport layers, thus influencing the carrier extraction
efficiency of the transport layers. Additionally, poorly con-
ductive compositions appeared around these voids after light
illumination,[8c,39,48] which may increase the series resistance.
Obviously, the voids have a significant impact on various de-
vice performance parameters, including stability, open-circuit
voltage, fill factor, and short-circuit current density. These voids
are believed to originate from the presence of high-boiling-point
solvents such as DMSO in the wet films. The formation of per-
ovskite films typically commences at the film–air interface,[49]

resulting in the creation of a “shell” that traps DMSO at the
bottom of the film. During the annealing process, there is a
possibility that the DMSO may escape from the film, but it often
leaves behind voids.[39] Chen et al. discovered that both JSC and
FF decreased with an increase of DMSO content in the solution.
However, as mentioned above, DMSO is crucial for perovskite
film crystallization. A reduction in DMSO may also hinder the
film performance. Hence, Chen et al. employed a solid-state
lead-coordinating additive of carbohydrazide (CBH) to partially
replace DMSO, which can reduce the voids and passivate the
defects simultaneously. As a result, they obtained a cell with
a certified stabilized 𝜂 of 23.6% and a module efficiency of
19.2% (aperture area 50.0 cm2).[39] As shown in Figure 8, the
device exhibited a small loss in open-circuit voltage and FF.
In 2024, Fei et al. from the same team introduced a technique
to effectively minimize the amorphous region at the base of
perovskite films by incorporating lead-chelating molecules and
bathocuproine into hole transport layers. They achieved certified
efficiencies of 24.1% on device with area of 0.08 cm2 and 21.8%
on minimodules with an aperture area of 26.9 cm2.[8c]

The aforementioned studies aimed to improve the perovskite
film quality and mitigate the issues arising from voids, defects,
and amorphous regions, while maintaining the use of DMSO. It
is also possible to consider alternative approaches such as pro-
moting the evaporation of solvents or replacing DMSO. Bu et al.
developed a self-dying method that utilized DMF (boiling point =
153 °C) as the solvent along with N-methyl-2-pyrrolidone (NMP)
and MACl, and regulated the phase-transition process to produce
a pinhole-free compact perovskite film without the use of an an-
tisolvent. Consequently, a champion efficiency of 15.3% with an
aperture area of 205 cm2 was reported for a module containing
a blade-coated perovskite absorber, which corresponds to an effi-
ciency of 15.83% with an effective area of 196.8 cm2. It should be
noted that NMP is a high-boiling point reagent (boiling point =
202 °C), and 96 μL of NMP was added to 500 μL of DMF. The
issue of NMP volatilization has been addressed by reducing
the film thickness; that is, the thickness of the spin-coated film
was ≈700 nm, while the blade-coated film for the module was
≈550 nm.[8b] Therefore, the current loss increased during upscal-
ing. Liang et al. employed a green and volatile solvent, ethanol
(EtOH), into the perovskite ink to partially replace the conven-
tional solvent, with the aim of enhancing both the film crystal-
lization and device performance. As depicted in Figure 8, the
device exhibited an exceptionally low nonradiative recombina-
tion loss, although the photocurrent losses remained relatively
high.

In summary, over the past few years, a significant amount of
effort has been dedicated to addressing the numerous challenges

associated with high-boiling solvents, resulting in the develop-
ment of a diverse range of strategies. However, most of these ap-
proaches have resulted in reduced nonradiative recombination
losses without noticeable improvements in the short-circuit cur-
rent density. Reducing the short-circuit current density loss has
become a top priority for the next step in the development of
blade-coated perovskite solar cells and modules.

3.4. Progress in Slot-Die Coated Perovskite Solar Cells

Slot-die coating presents notable benefits in terms of throughput,
material utilization, and scalability, and it can be seamlessly in-
tegrated into industrial sheet-to-sheet and roll-to-roll systems.[50]

It is a highly beneficial process that can be employed on a large
scale. Slot-die coating entails a film preparation process and prin-
ciple, which is similar to blade coating. The primary distinction
lies in the use of a specialized slot-die head for more precise ink
supply control. The development of slot-die technology emerged
later than that of blade coating, which may be due to the com-
plexity of the equipment. As shown in Figure 4, most slot-die-
coated devices reached only ≈70% of their SQ limit. In addition
to the high short-circuit current loss, the slot-die-coated devices
also exhibited significant open-circuit voltage and FF losses. In
terms of composition, numerous top-performing devices still rely
on MAPbI3 films. This is because the crystallization process of
MAPbI3 film does not rely heavily on DMSO, allowing for the re-
duction of high-boiling-point solvent usage. However, to improve
the efficiency, it is necessary to gradually increase the proportion
of formamidinium (FA) in the cations rather than pure methy-
lamine (MA).[39,51] This stage has already been achieved by rel-
evant studies on blade coating. In contrast to the blade-coating
process, high-performance slot-die-coated devices have been pri-
marily based on inverted structures so far. Nevertheless, this does
not imply that normal structure will not be successful. In 2020,
Du et al. developed a normal structure device that achieved an ef-
ficiency of 22.7% (71.20% of its SQ limit, shown in Figure 8).[52]

These observations highlight the slower development of slot-die
coating process compared with blade-coating process. Figure 8
shows the loss distribution of the top slot-die-coated devices re-
ported in recent years. Subsequently, we examine the significant
developments and advancements in this field based on these re-
ports.

In recent years, extensive research has been conducted on re-
placing traditional solvents with low-boiling-point solvents for
the slot-die coating process, similar to the efforts made in the field
of blade coating. For instance, Subbiah et al. replaced the conven-
tional DMF solvent with acetonitrile (ACN), a low-boiling-point
solvent (82 °C), for the preparation of MAPbI3 film, resulting in
a significant improvement of solvent residue issue and enabling
the film thickness to reach to μm level.[50] Figure 8 shows that the
device exhibited a lower current density loss but a higher nonra-
diative recombination loss. The use of ACN was also reported by
Xu et al., who have prepared micrometer-thick perovskite film
by mixing MA and ACN as solvents. Additionally, they used a
potassium thiocyanate additive to enlarge the grains,[53] leading
to a decrease in the nonradiative recombination loss (as shown in
Figure 8). Unfortunately, the losses in the FF part increased com-
pared with the performance of Subbiah et al., and thus exhibited
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a similar efficiency level. Li et al. employed 2-methoxyethanol (2-
ME, boiling point = 124 °C) as the solvent for MAPbI3 films, and
obtained micrometer-thick perovskite film as well. Furthermore,
they added 12 mol% of DMSO to the solution to optimize the
crystallization of the films.[54] It is anticipated that the films pos-
sess significant nonradiative recombination losses after the use
of DMSO as shown in Figure 8. In the three studies mentioned
above, the thickness of the MAPbI3 perovskite film reached the
micrometer level, resulting in a lower short-circuit current den-
sity loss. However, ensuring film quality and crystallization in
thick films proved to be more challenging. Consequently, all three
devices exhibited higher nonradiative recombination losses. Ad-
ditionally, the carrier extraction ability of the transport layers is
limited, which becomes the limiting factor for the FF in thick
films. Therefore, it is evident that all three devices experienced a
larger percentage of FF loss.

Enhancing the air knife process to expedite solvent volatiliza-
tion is a conceivable strategy. Du et al. elevated the nitrogen pres-
sure from 0.04–0.6 to 1.0 MPa, which led to an increase in high-
speed nitrogen flow, facilitating the volatilization of solvents in
the wet coating, and resulting in a rapid decline of film surface
temperature. Such decreased temperature caused an oversatura-
tion of the solution, and thus optimized the crystallization.[52] As
evidenced in Figure 8, the device performance approached ≈70%
of the SQ limit, and the loss distribution was relatively balanced.
Du et al. proposed an alternative approach in 2022. They discov-
ered that local dewetting and spontaneous shrinkage occurred
during the printing process, resulting in the formation of numer-
ous clusters and large exposed regions. They attributed this to the
limited wettability of the substrate. Hence, they used electron-
beam evaporated NiOx as the transport layer and employed sur-
face redox engineering to improve the substrate wettability for the
ink, which significantly increased the film coverage and resulted
in high device performance (23.4% PCE and 74% SQ limit).[21]

As demonstrated in Figure 8, their performance is in a leading
position among their peers. The efficiency loss is dominated by
the short-circuit current density loss, which is similar to that of
blade-coated devices. It is worth mentioning that the stoichiomet-
ric ratio of perovskite used by Du et al. had a high percentage of
FA among the cations. Thus, the lower bandgap is also responsi-
ble for its higher efficiency.

In summary, the development of slot-die technology followed
the footsteps of blade coating. The focus of research has been on
solving the problems caused by solvent volatilization. In recent
years, significant progress has been made in improving the non-
radiative recombination loss. It can be foreseen that the photocur-
rent density loss will primarily dominate the performance. In
addition, research has concentrated on relatively high-bandgap
MAPbI3 thin films; however, additional research on low-bandgap
perovskites is warranted in the future.

4. Upscaling Area Sizes

The additional loss during the upscaling process originates from
two factors. 1) The preparation of large devices challenges the
stability of the technology, including film uniformity and defect
control. The uneven thickness affects JSC, whereas the defect den-
sity affects VOC.[4b] The problem of high TCO resistance during
upscaling also results in an increase in Rs and a drop in FF. 2)

Cell-to-module loss.[55] To date, the most efficient modules have
been mainly based on series connections (monolithic intercon-
nected modules). Compared with other structures (e.g., parallel-
connected modules), the series connection method does not in-
crease the photocurrent, thus avoiding more Rs loss. However,
the resistive loss increased to some extent when the interconnec-
tions and busbars were joined. Dai et al. have reported that the
rise in cell widths (narrower scribing lines and gaps) would lead
to less photocurrent loss (smaller dead area) but a larger resis-
tive loss caused by the TCO compared to a module with the same
aperture area,[55a] but a smaller cell width. In addition, the dam-
age and residue caused by the scribing will increase the contact
resistance.[9]

Figure 9 shows that the performance varies with the device
area. Both the solar cells and modules are included in the figures.
An area of 5 cm2 can be used as the cutoff point; that is, almost
all data points belong to the module when the area is >5 cm2.
For the module, both the active and aperture areas are used in
the figures. The active area is smaller than the aperture area be-
cause of the existence of a dead area. The ratio of the active area
to the aperture area is called the geometric fill factor (GFF).[55a,56]

To date, both active and aperture areas have been reported in the
literature. Therefore, we have not strictly distinguished between
them in the figures. However, most high-efficiency samples use
active areas for calculations. Usually, the reported GFF values
are ≈90–96%,[8b,39,56,57] indicating that the efficiency will be sub-
tracted by 1–2% when converting the area from active to aperture.
In Figure 9, it is evident that the device area is concentrated in
three distinct regions: ≈0.1 cm2, ≈1 cm2, and 10–100 cm2. It is
challenging to prepare modules with areas larger than 100 cm2

in the laboratory. Thus, all data points at ≈1000 cm2 belong to
devices fabricated by manufacturers. Here, the fabrication meth-
ods have not been reported, only efficiency and area are known.
Consequently, further discussion is not possible.

Figure 9 clearly shows that the efficiency decreased with in-
creasing area, and the trend is close to a straight line when the
x-axis is logarithmically plotted. In addition, the extent of per-
formance decline varies with the preparation process. Currently,
blade coating is the most successful approach for upscaling, typ-
ically achieving efficiencies that surpass those of spin-coated de-
vices within the 10–100 cm2 range, thereby rendering it supe-
rior to its competitors. Accompanying the expansion of the de-
vice area size, reductions in JSC, VOC, and FF are observed for the
blade-coated devices; however, these decreases are not substan-
tial compared to those of other competitors. In contrast, the spin-
coated devices showed a significant reduction in JSC and FF, while
the vacuum-evaporated devices experienced a noticeable loss in
FF. Other processes, including slot-die coating, are currently un-
likely to rival these three processes (i.e., blade coating, spin-
coating, and evaporation) in terms of module performance. The
evaporated films are free of pinholes and exhibit homogeneous
crystallization, composition, thickness, and morphology,[5a,8a,58]

which is crucial for maintaining high JSC and FF values in large-
area devices/modules. As illustrated in Figure 9 (also Figure 14,
which will be shown later), JSC remained consistently high with
increasing area. Unfortunately, the advantages of vacuum evapo-
ration have not yet been realized for FF, which exhibits a signifi-
cant declining trend so far. A more obvious trend can be observed
in Figure S2 of the Supporting Information, which contains only

Adv. Energy Mater. 2025, 15, 2403706 2403706 (11 of 28) © 2024 The Author(s). Advanced Energy Materials published by Wiley-VCH GmbH

 16146840, 2025, 3, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/aenm

.202403706 by Forschungszentrum
 Jülich G

m
bH

 R
esearch C

enter, W
iley O

nline L
ibrary on [21/01/2025]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

http://www.advancedsciencenews.com
http://www.advenergymat.de


www.advancedsciencenews.com www.advenergymat.de

Figure 9. Summary of high-efficiency perovskite solar cells and modules with different area sizes. The color of the data points represents the perovskite
preparation processes, and the gray spheres indicate that the fabrication process is undisclosed. For all techniques, the device efficiency decreased with
increasing area, which is primarily due to the losses in JSC and FF.

evaporation data. Currently, we believe that the cause of this issue
is the imperfect module fabrication process rather than a prob-
lem with the deposition process itself. Furthermore, as the trend
of efficiency decreasing with upscaling area approximates a lin-
ear relationship when the x-axis is plotted logarithmically, indi-
cating that for each tenfold increase in area, the efficiency approx-
imately decreases by a constant value, which is defined as 𝜂(A) –
𝜂(10 × A), where A is the device/module area. This metric quanti-
fies the degree of efficiency loss for different technologies during
area upscaling. As shown in Figure S8 of the Supporting Infor-
mation, the data points of spin-coating, vacuum, slot-die coating,
and blade coating processes were fitted separately, followed by the
calculation of 𝜂(A) – 𝜂(10 × A). The resulting values for the blade
coating, vacuum evaporation, spin-coating, and slot-die coating
are 1.23%, 1.86%, 2.14%, and 2.60%, respectively. These findings
further demonstrate that based on current developments, blade
coating and vacuum evaporation processes exhibit the most fa-
vorable characteristics in terms of area upscaling.

Apart from lab-scale small (≈0.1 cm2) cells, only ≈1 cm2 cells
have been widely investigated. Figure S3 (Supporting Informa-
tion) and Figure 10 show a comparison of the performance and
fraction of performance within the SQ model, respectively. It can
be observed that 𝜂/𝜂SQ decreased by ≈5%, and FF and JSC losses
dominated the efficiency losses. In particular, the decrease in
FF is more obvious. We believe that the decrease in JSC may be
due to the nonuniformity of the absorber, whereas that of FF is
thought to be caused by the increase in series resistance. Some
top-level devices are managed to avoid efficiency deterioration

owing to the low uniformity of the film quality. However, the
FF loss is more difficult to avoid because the series resistance
directly increases with the TCO area. Only one sample with an
area of ≈1 cm2 exhibited a high FF of ≈86% (FF/FFSQ ≈96%).
All the others were below 82%. In Figure S4 of the Supporting
Information, we further calculate the nonradiative recombina-
tion voltage loss ΔVnonrad

OC and plot it with Eip
g and JSC/JSQ

SC , sepa-
rately. It can be seen that either ΔVnonrad

OC or the JSC/JSQ
SC ratio of

the ≈1 cm2 area devices is comparable to that of the lab-scale
devices. Nevertheless, it is difficult to simultaneously maintain
these two performances at a high level when scaling up area
size. These phenomena point to the problem of reproducibility
of the preparation process. Larger areas are more likely to intro-
duce defects and deteriorate the film uniformity. Given that the
existing methodologies for mitigating nonradiative recombina-
tion voltage loss in laboratory-scale devices have reached a high
level of sophistication, it would be valuable to investigate the effi-
cacy of these techniques in the scaling-up process and implement
targeted enhancements. We believe that these problems can be
partially solved by factories using stable manufacturing technolo-
gies. However, further investigations and designs are required to
improve FF.

Figure 11 shows the FoMs and potential improvements for
the top-level ≈0.1 and ≈1 cm2 devices. The red bar enlarges the
most when scaling up the area size, which is mainly caused
by the series resistance (see Table 1). Currently, all devices use
TCO as one of the electrodes. However, compared to Au and
Ag, the TCO films showed lower conductivity. When scaling
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Figure 10. Performance as a fraction of the respective value in the SQ model for top-level device with area ≈0.1 cm2 (red) and ≈1 cm2 (blue).

Figure 11. Comparison of losses for top-level ≈0.1 cm2 devices and ≈1 cm2 devices. When the device area was upscaled to ≈1 cm2, the FF loss due to
resistance (red bars) increased the most, mainly because of the finite conductivity of the TCO layers, which caused an inherent compromise between
the lateral conductivity (required for good FF) and transparency (required for high Jsc).
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Figure 12. Visualized comparison of losses for literature reported differently sized devices/modules with spin-coated,[57,59] vacuum-evaporated,[3,8a,60]

blade-coated,[8b,39] slot-die-coated,[52,56] R2R printed (flexible),[61] and screen-printed[24] perovskite. Only the first vacuum module used the aperture
area, and all other modules used the active area. For all processes, the Fres

FF (red bar) increases after upscaling from small-area devices to large-area
modules. Additionally, the FSC part (yellow bar), as well as the Fnonrad

OC (green bar) also increased when fabricating the modules.

up the device area, such low conductivity increases the series
resistance and thus decreases the FF, which further affects the
photovoltaic modules. Nevertheless, we find that the samples
from Peng et al. showed an obviously larger FF than other sam-
ples among the ≈1 cm2 devices. In 2021, they presented a reg-
ular architecture in which a sparse array of TiO2 nanorods was
used as the electron transport layer, and blending P3HT with
CuPc served as the hole transport layer. By introducing ultra-
thin passivation layers at the perovskite/transport layer inter-
faces, they demonstrated that the TiO2 nanorods were incom-
pletely coated with passivation materials, and the nanoscale re-
gion of the unpassivated nanorod TiO2/perovskite interface fa-
cilitated localized low-resistance charge transport, which is anal-
ogous to the local contact structure used in high-efficiency sili-
con solar cells. The optimized blended P3HT:CuPc hole trans-
port layer exhibited improved crystallinity and conductivity. Con-
sequently, the fill factor increased from 72.8% to 84.5% for the
small-area (≈0.165 cm2) perovskite solar cell. Moreover, the fill
factor was still as high as 83.6% for a large-area (≈1.02 cm2) de-
vice. One year later, they further optimized the electron trans-
port layer (ETL) and reported an outstanding fill factor of ≈86%
(1 cm2). They developed a reverse-doping method to produce
high-quality TiOxNy films by oxidizing sputtered titanium nitride
thin films, and used them as electron transport layers. Electri-
cal analysis revealed that the optimum TiOxNy film exhibited a
much higher doping density (ND = 3× 1017 cm−3) than that of the
TiOx film (ND = 5× 1014 cm−3). Combined with numerical simu-
lations, they demonstrated that heavy doping of the ETL layer pro-
tects against electron depletion that can occur in regions of pos-
itive space charge at perovskite/ETL and FTO/ETL heterojunc-
tions. This is a promising deposition method for the commercial
fabrication of perovskite devices, as sputtering is already widely
used in the photovoltaic industry. From these two reports, it is ob-
vious that developing new transport layers is an important strat-
egy for mitigating FF loss.

Unlike solar cells, the areas of reported perovskite modules
vary widely. Fortunately, many studies reporting modules have
simultaneously presented the performance of solar cells. Repre-
sentative studies are presented in Figure 12. For all the processes,
the Fres

FF (the red bar) increases after upscaling from small-area
devices to large-area modules. The series resistance of the TCO
is one of the reasons discussed above. However, more factors
should be considered for the modules. During module prepara-
tion, several subcells must be interconnected, which may cause
an increase in the series resistance. In addition, scribing the film
and laser etching the connection lines (normally called P1, P2,
and P3 lines in the community)[57] induce film damage and un-
removed residuals, which may decrease the parallel and increase
the contact resistance.[9,55a] Additionally, the FSC part (yellow bar)
also increases when fabricating modules, but the changes differ
from process to process. The vacuum process showed the small-
est increase in FSC, whereas the spin-coating process exhibited
the most obvious FSC increase, suggesting the advantages and
disadvantages of these two processes for achieving large-area
film uniformity. Nevertheless, the spin-coated cells/modules ex-
hibit the smallest green bar, which indicates a good level of defect
control during preparation and upscaling. The module devel-
oped by Kim et al. exhibited a high 𝜂/𝜂SQ of 64.78% on a scale of
64 cm2 (refer to case “spin 1” in the figure).[59] As for the vacuum-
evaporated module, Zhou et al. reported a module with a 𝜂/𝜂SQ

of 67.92% on a scale of 14.4 cm2 (refer to case “vacuum 1” in the
figure).[3] Among all the cases illustrated in the figure, “blade
1” from Chen et al. showed the smallest decline in all factors
during upscaling. The increase in area from 0.08 to 46.09 cm2

resulted in a small decrease in 𝜂/𝜂SQ from 75.10% to 67.90%.[39]

In addition, Bu et al. have got an efficiency of 15.83% on a large
module with an effective area of 196.8 cm2 through blade coating
(refer to case “spin and blade” in the figure).[8b] To date, these
modules represent state-of-the-art modules fabricated in labora-
tories. Currently, other approaches cannot compete with these
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Figure 13. Performance as a fraction of the respective value in the SQ model for high-efficiency hybrid perovskite, all-inorganic perovskite, and quasi-
2D perovskite. The champion all-inorganic perovskite solar cell had a 𝜂/𝜂SQ of ≈76%, while ≈73% 𝜂/𝜂SQ was observed for the quasi-2D counterpart.
They had a similar efficiency of ≈22%.[15c,65] Nevertheless, the limiting factor of all-inorganic perovskite is the ratio VOC/VSQ

OC, whereas that of quasi-2D
perovskite can be attributed to the low FF/FFSQ values.

three methods. Slot-die coating achieved a 𝜂/𝜂SQ of 58.28% on a
scale of 10.2 cm2 and 55.23% on a scale of 37.6 cm2.[52,56] Screen
printing showed a 𝜂/𝜂SQ of 38.24% on a scale of 16.37 cm2.[24] All
of the FoMs exhibited a decrease with increasing area to some
extent.

5. Stability

Stability is one of the main factors that determines the cost of
solar-generated electricity.[62] Typically, the target lifetime of a
PV module based on crystalline silicon is 25–30 years. In the
absence of mechanical damage due to, e.g., hail, the module
can be alive even longer.[63] Achieving better stability can sig-
nificantly decrease the cost of solar-generated electricity, which
cannot be adequately compensated by lowering the price of the
modules.[63] Compared with silicon, perovskites are expected to
have lower module prices when using printing manufacturing
technology. Unfortunately, the traditional perovskites face many
stability issues and the high-efficient devices/modules rarely
pass the long-term operation standard IEC 61215-1:2016.[19d,64]

Changing the material composition and structure makes it
possible to improve the device stability. Herein, we focus on an-
alyzing two types of emerging perovskite materials: all-inorganic
perovskites and quasi-2D perovskites. Although they have not
yet been demonstrated to fully resolve the stability issue, they
have furnished some fresh perspectives for the community.
All-inorganic perovskites have obvious advantages in terms of
thermal stability, and quasi-2D perovskites exhibit better mois-

ture stability than traditional hybrid perovskites. However, as
emerging materials, they both exhibit lower efficiencies. On the
other hand, it has been demonstrated that reducing the defect
density can effectively improve the stability. In the last part of
this section, we analyze the loss distribution of cells with the
best operational stability, all of which are based on the idea of
minimizing the defect density.

The performances of the high-efficiency hybrid perovskites,
all-inorganic perovskites, and quasi-2D perovskites are shown
in Figure S5 of the Supporting Information. The champion
quasi-2D perovskite solar cell shows an efficiency of ≈22%,[15c]

while that of the all-inorganic counterpart is slightly lower than
22%.[65,66] As the bandgap of these devices fluctuates from
≈1.5 to ≈1.75 eV, the numerical comparison of performance
indicators is meaningless. Therefore, we compared the ratios of
the performance parameters relative to their respective values in
the SQ model, as shown in Figure 13. The champion 𝜂/𝜂SQ of
all-inorganic perovskite solar cell was ≈76%, whereas that of the
quasi-2D counterpart was slightly lower (≈73%). Additionally,
all-inorganic perovskite devices have high values of JSC/JSQ

SC
(Figure 13b) and FF/FFSQ (Figure 13d), whereas the limiting fac-
tor is the VOC/VSQ

OC ratio (Figure 13c) and the low JSC value (Figure
S5b, Supporting Information) caused by the high bandgap en-
ergy. Quasi-2D perovskite solar cells achieved higher JSC values
(Figure S5b, Supporting Information). However, JSC/JSQ

SC was
poor, indicating that the short-circuit current was still a limiting
factor. In addition, the FF/FFSQ ratio was not comparable to that
of the other two device types. In Figure S6 of the Supporting
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Figure 14. Comparison of losses for high-efficiency hybrid perovskites, all-inorganic perovskites, and quasi-2D perovskites. The all-inorganic perovskite
devices show large nonradiative recombination voltage loss (green bars) and small photocurrent loss (yellow bars). In contrast, quasi-2D perovskite
devices have large photocurrent loss (yellow bars) and small nonradiative recombination voltage loss (green bars).

Information, we additionally calculated the nonradiative VOC
loss ΔVnonrad

OC for these devices and plotted it against the bandgap
Eip

g and JSC/JSQ
SC . There are four points in the low ΔVnonrad

OC range,
≈50 mV, for the quasi-2D group, and most of the points fall
below 100 mV. However, for the all-inorganic group, the range
was 100–250 mV, and only two values were slightly lower than
100 mV.

In brief, the limiting factors for all-inorganic and quasi-2D per-
ovskite solar cells are the nonradiative recombination loss and
photocurrent density loss. In Figure 14, the loss distribution of
some representative cases is presented, which further demon-
strates that the Fnonrad

OC term is the dominant limiting factor for
all-inorganic devices, whereas the FSC term dominates the effi-
ciency loss of quasi-2D cells. Our meta-analysis shows that all-
inorganic perovskites exhibit similar mobility but have a PL de-
cay time that is more than one order of magnitude shorter.[18c]

Strong nonradiative recombination may be responsible for this,
which can be attributed to several factors. 1) Defects, includ-
ing oxygen vacancies, halide vacancies such as iodine vacancies,
and undercoordinated Pb2+, can act as recombination centers.
In most cases, these devices employed a regular structure with
TiO2 layers as the electron transport layers, and the perovskite
films were prepared on top of them. The interface between TiO2
and perovskite plays a crucial role in interfacial charge transport
and perovskite crystallization. However, numerous oxygen vacan-
cies can be easily generated on the TiO2 surface.[65,67] In addition,
due to the low formation energy, halide vacancies could form
on surfaces and at boundaries,[68] which are often accompanied
with a high density of undercoordinated Pb2+.[69] 2) Phase transi-
tion is another factor. As high-efficiency devices in all-inorganic
family are predominantly iodine-based, i.e., CsPbI3, the Gold-
schmidt tolerance factor for this type of perovskite is typically
lower than 0.81,[18c] making phase transitions more likely to oc-
cur. CsPbI3 exhibits cubic (𝛼), tetragonal (𝛽), orthorhombic (𝛾),
and nonperovskite (𝛿) phases. While the 𝛼, 𝛽, and 𝛾 phases
can convert into the yellow-phase (𝛿) at room temperature, this

process also induces a significant number of defects.[66,70] 3)
The band offset is among the factors that contribute to nonra-
diative recombination. The transporting layers for CsPbI3 per-
ovskite solar cells are still followed as the hybrid counterparts,
with TiO2 and Spiro-OMeTAD being the most commonly used so
far.[18c] However, all-inorganic perovskites, such as CsPbI3, have
a wide bandgap, leading to a large energy offset that accumu-
lates carriers at the interfaces and thus enhances nonradiative
recombination.[69]

The optimization processes employed for hybrid perovskites
may not be applicable to all-inorganic perovskites because of
the disparities in material properties. In Figure 14, we dis-
play the existing high-efficiency all-inorganic devices that uti-
lize effective optimization processes, including interface engi-
neering and additive engineering. For instance, Qiu et al.[65]

used 4-aminobutyric acid and 3-amino-1-propanesulfonic acid
molecules at the perovskite/TiO2 interface, while Xu et al.[67]

used an ionic liquid, 3-sulphonatopropyl acrylate potassium salt
for modification. Chu et al.[69] treated the perovskite/air inter-
face with alkali fluorides. Interface engineering has been demon-
strated to be effective in passivating defects and optimizing en-
ergy band alignment. Wang et al.[66] added 1,2-Di(thiophen-2-
yl)ethane-1,2-dione to the precursor solution for the preparation
of 𝛾-CsPbI3, while Mali et al.[71] added guanidinium iodide dur-
ing vapor deposition of 𝛾-CsPbI3, and added dimethylammo-
nium iodide (DMAI) to the precursor solution when preparing
𝛽-CsPbI3 using the solution method. The DMAI-assisted growth
strategy has been widely used since its inception,[72] as it was em-
ployed by Qiu et al.,[65] Chu et al.,[69] and Xu et al. Additive en-
gineering has been shown to enhance phase stability, promote
crystallization, and improve morphology, thereby reducing non-
radiative recombination loss. Although nonradiative recombina-
tion loss still dominates device performance, voltage loss has
been reduced to ≈100 mV, compared to ≈160 mV in 2021,[73,74]

as indicated by the apparent shortening of the green bar in
Figure 14.
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Figure 15. Comparison of losses for high-efficient hybrid perovskites and operationally stable perovskite solar cells. Cells with good operational stability
show obvious photocurrent and FF decrease, which are most likely caused by the increase of series resistance.

Intrinsically, 2D perovskites also have a high bandgap en-
ergy ≈2.3 eV, but quasi-2D perovskites can obtain a lower
bandgap energy by increasing the n value in the structural for-
mula A2Bn -1MnX3n+1.[75] At present, highly efficient quasi-2D per-
ovskites have n ≈ 5, and thus the bandgap has been lowered to
≈1.6 eV.[15c,76] Quasi-2D perovskite devices exhibit low nonradia-
tive voltage losses, but their JSC/JSQ

SC is poor. In particular, lower
nonradiative voltage losses are always accompanied by more se-
vere JSC losses (Figure S6b, Supporting Information). One pos-
sible reason is that quasi-2D perovskites exhibit low vertical con-
ductivity owing to the in-plane crystal preferred orientation and
the consequent insulating interlayer bulky cation structure.[76]

Shao et al.[76] used 2D Ruddlesden–Popper perovskites as the
absorber, which exhibited a preference for growth along the in-
plane direction with respect to the substrate, thus resulting in
bulky cations of the insulating interlayers hindering out-of-plane
charge transfer. Despite the incorporation of FA cations in the
film, which extends the absorption range, it only enhances JSC but
not JSC/JSQ

SC . As a result, the FSC loss was quite large, as illustrated
in Figure 14. However, the nonradiative recombination voltage
losses are remarkably low. Except Shao et al., the high-efficiency
devices depicted in Figure 14 are all based on alternating cation
perovskite absorbers. Currently, these films are generally thin,
for example, ≈390 nm by Zhang and Park;[15c] ≈400 nm by Xing
et al.;[77] and ≈430 nm by Wang et al.[78] Apart from that, Wang
et al.[79] employed an intermediate phase-assisted sequential de-
position strategy, leading to a thickness of ≈670 nm (in contrast,
the others in the figure were prepared using a single spin-coating
method). Unfortunately, the loss of FF-related aspects was too
large, reducing the efficiency of the device.

Although emerging perovskites have attracted much attention,
the most operationally stable perovskites are still based on hybrid
compositions so far.[17] Operational stability test energy yield
E1000h is an indicator that can quantitatively evaluate the stability

of the cell, as described by Equation (11). Figure 15 shows the
loss distribution of the highly stable devices with E1000h > 20 Wh
cm−2. Compared with the high-efficiency devices (𝜂 ≥ 25%), they
show an obvious loss distribution in terms of yellow bars (pho-
tocurrent loss) and red bars (FF loss). The primary cause of the
losses that have emerged is the increase in series resistance. The
devices shown in the figure exhibit high operational stability by
lowering the trap density.[12c,80] Surface passivation with organic
compounds is the most popular method.[12c,80a,c] However, the
low conductivity of organic compounds may cause an increase
in the series resistance, which ultimately affects Fres

FF and FSC. Li
et al.,[12c] Gao et al.,[80a] and Zhang et al.[80c] have all adopted this
method. While Shi et al.[80b] employed additive engineering to
introduce hydrophobic organic compounds rather than surface
passivation.

6. Mitigation Strategies

The above analysis shows that the primary losses limiting
different process technology routes vary; therefore, different mit-
igation strategies should be applied. Table 2 summarizes the chal-
lenges and mitigation strategies for each route. The vacuum evap-
oration process is a promising scalable process which can fabri-
cate devices exhibiting JSC/JSQ

SC values as good as spin-coated de-
vices benefiting from the uniform, homogeneous, and pinhole-
free films. Moreover, the evaporated devices showed the smallest
increase in JSC loss during the cell-to-module process among all
methods. Advancements in sequential evaporation technology
have enabled a limited number of research groups to fabricate de-
vices with performances comparable to those achieved through
spin-coating. However, most evaporated devices still suffer from
significant nonradiative recombination and FF losses, as well
as significant degradation in FF during the module fabrication
process. In the latter part of this section, we discuss generic
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Table 2. Challenges and mitigation strategies for perovskite toward commercialization. *Generic mitigation strategies for FF loss: 1) enhancing the
conductivity of the intrinsic perovskite layer; 2) improving the carrier extraction velocity of the transport layers, which not only increases the fill factor
but also releases the limitation on film thickness; and 3) optimizing the film quality, such as increasing the ratio of grain size to film thickness.

Items Challenges Strategies

Vacuum-evaporation 1) More diversified effective additive, passivation
technologies, and film compositions; 2) production
cost; 3) FF loss

1) Utilizing extensive experience in the field of solution
process; 2) developing vacuum-compatible interface
engineering and transport layer preparation technologies;
3) increasing evaporation rate; 4) generic mitigation
strategies for FF loss*

Blade and slot-die coating 1) Photocurrent losses or a trade-off relationship
between JSC and VOC; 2) competing relationship
between film quality and film thickness/composition
caused by the use of high-boiling solvents; 3) FF loss
(for slot-die coating)

1) Improving preparation setup/process to promote solvent
evaporation; 2) exploring efficient low-boiling point
solvents; 3) utilizing additive engineering and
post-treatment to optimize negative factors such as voids,
poorly conductive materials, amorphous regions, etc. 4)
generic mitigation strategies for FF loss*

Inkjet printing, screen printing, and
spray coating

1) Competing relationship between solution properties
and film quality; 2) nonradiative recombination
voltage loss; 3) FF loss

1) More effective additives engineering that can
simultaneously improve the solution properties (such as
viscosity, surface tension, and contact angle) and
perovskite film quality (lower nonradiative recombination);
2) generic mitigation strategies for FF loss*

Upscaling 1) FF loss; 2) photocurrent loss 1) TCO design and optimization; 2) scribing/etching
processes optimization to solve film damage and residue
problem; 3) module design to lower the dead area; 4)
enhancing the lateral homogeneities and local
compositional homogeneities

Quasi-2D perovskite 1) Photocurrent loss caused by low absorber thickness
(< 500 nm) and low vertical conductivity; 2) FF loss

1) Regulation of crystal orientation and film growth; 2) generic
mitigation strategies for FF loss*

All-inorganic perovskite Nonradiative recombination voltage loss More effective film growth and defect passivation technology

Stable cells with E1000h > 20 Wh cm−2 Photocurrent and FF loss caused by low conductivity of
organic additive and passivation materials

1) Series resistance optimization; 2) generic mitigation
strategies for FF loss*

mitigation strategies for the FF loss in detail. Moving forward, we
believe that further research should focus on leveraging the expe-
riences in the spin-coating field and exploring diversified additive
engineering, passivation technology, and film composition. Fur-
thermore, optimizing the carrier extraction velocity to accelerate
the development of thick-absorber-based devices holds great
promise for improving the device performance. However, pro-
duction cost is a crucial factor to consider alongside the improve-
ment in cell and module performance. Abzieher et al. have indi-
cated that only when the number of linear sources is ≥10 and the
deposition rate is ≥720 nm min−1 can the capital expenditures of
vacuum method be comparable to that of solution processing.[6]

Currently, however, the deposition rate is only around 10 nm
min−1.[6] Therefore, it is essential to increase the deposition rate
in the next step, which is expected to result in additional per-
formance loss. Moreover, so far, many devices only use vacuum
evaporation processes for the preparation of perovskite films and
metal electrodes, while the others aspects are mostly solution-
based, such as interface passivation technologies and transport
layer preparation. This implies that the vacuum process must be
interrupted, which is undesirable for large-scale manufacturing.
Hence, it is necessary to develop vacuum-compatible interface
technologies and transport-layer preparation methods.

Printing processes are typically cost-effective,[4a,b] which is im-
portant for commercialization. Based on the loss distribution
analysis, we divided printing-related processes into two groups.

The first group includes blade coating and slot-die coating. In this
group, the devices showed high photocurrent losses or a trade-
off relationship between JSC and VOC, which may be due to the
inadequate solvent volatilization process of the wet films when
compared with spin-coating process.[81] A more in-depth rea-
son is the competing relationship between film quality and film
thickness/composition caused by the use of high-boiling point
solvents. High-boiling-point solvents, such as DMSO, which
volatilize slowly during the blade coating and slot-die coating pro-
cesses, are prone to forming voids inside the film, further induc-
ing the formation of poorly conductive materials and amorphous
regions, resulting in film quality deterioration and device per-
formance degradation. To maintain film quality, the film thick-
ness can be reduced to promote solvent volatilization, or by in-
creasing the MA content and decreasing the FA content in the
composition. However, the former reduced JSC/JSQ

SC , and the latter
lowered JSC. There are several promising method to address the
problem. 1) Improving the preparation setup/process to promote
solvent volatilization, such as using air-blow (or air knife) equip-
ment, which has been widely adopted, or heating the substrate,
which may induce the formation of “polygon domains” and “cof-
fee ring effects” with negative consequences for film growth and
performance.[45] 2) Exploring efficient low-boiling point solvents
to replace the high-boiling point solvents. 3) Utilizing additive en-
gineering and post-treatment to optimize negative features such
as voids, poorly conductive materials, and amorphous regions.
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The second group includes inkjet printing, screen printing,
and spray coating. The corresponding devices exhibited a large
nonradiative recombination loss. Commonly, extra additives are
required to adjust solution properties such as viscosity, sur-
face tension, and contact angle when using these preparation
methods.[4a,b] It is not reasonable to anticipate that all these ad-
ditives will have a substantially positive impact on the film qual-
ity, resulting in satisfactory performance comparable to that of
the spin-coated device. Typically, issues with the film quality lead
to significant nonradiative recombination. Therefore, further re-
search on more effective additives that can simultaneously im-
prove solution properties and perovskite film quality is necessary.

During the upscaling process, the largest loss generally orig-
inates from FF, which can be attributed to the high resistance
of the TCO films. TCO glasses are the default substrates for
perovskite devices. Moreover, they still appear to be irreplace-
able in the preparation of single-junction modules. However,
the conductivity of TCOs is never comparable to that of metals
such as silver and copper. The influence of the high series re-
sistance increases when the device area is increased. Develop-
ing high carrier mobility TCOs can mitigate this problem.[55b]

In addition, other types of solar cells/modules can combine Ag
grids with TCOs to achieve an optimum balance between trans-
parency and lateral conductivity. However, this type of work has
not been reported thus far for halide perovskites using TCO sub-
strates. Therefore, more effort should be invested in TCO de-
sign and optimization. In addition, the module fabrication pro-
cess further reduced the FF. To fabricate a module, interconnec-
tions are necessary, which increase the series resistance.[5] Mean-
while, inevitable scribing/etching processes, and residues would
cause shunting and/or increase the series resistance.[4b,9] Apart
from the FF loss, photocurrent loss is the second largest cell-to-
module loss and is mainly caused by the dead area, which can-
not be avoided but can be mitigated with further optimization
and better line scribing technique.[55a] Furthermore, lateral inho-
mogeneities and local compositional inhomogeneities contribute
to the cell-to-module efficiency gap.[55b] To date, although many
large-area perovskite modules have utilized scalable processes
for perovskite film preparation, the majority still employ spin-
coating technology for the preparation of transport and passiva-
tion layers, which may result in lateral inhomogeneities within
the module, leading to performance loss. On the other hand, per-
ovskite films are always demonstrated local compositional het-
erogeneities owing to ion migration, phase separation, and other
factors, resulting in alterations to the local electrical properties
of the films. This issue is likely exacerbated during the scale-up
process. Enhancing the lateral homogeneities and local compo-
sitional homogeneities of a module can potentially improve the
performance.

All-inorganic perovskites possess a higher temperature toler-
ance than hybrid perovskites; however, their performance is lim-
ited by defect-induced nonradiative recombination. Therefore, it
is imperative to develop targeted passivation technologies to over-
come this limitation. In contrast, quasi-2D perovskites intrinsi-
cally have low nonradiative recombination losses; however, their
efficiency is constrained by the photocurrent and resistive losses.
More efforts should be devoted to film growth and crystal orien-
tation modulation. For the most operationally stable hybrid per-
ovskite solar cells (E1000h > 20 Wh cm−2), the losses in the pho-

tocurrent and FF are dominant relative to the VOC loss, which can
be attributed to the low electrical conductivity of the passivation
materials. Thus, the development of new strategies to reduce the
series resistance of devices is required to solve this problem.

Finally, we delve into generic mitigation strategies for FF
losses. Throughout the analysis, FF loss was consistently either
the first- or second-largest individual loss, highlighting its im-
mense significance. FF losses can originate from various sources,
necessitating tailored solutions for each cause. Nevertheless,
some generic solutions can be considered, such as reducing the
series resistance of the absorber layer. For the entire device, the
thickness of the perovskite film significantly exceeds that of the
other layers (except for the TCO electrode); however, as an intrin-
sic material, the conductivity of the perovskite film is limited. An-
other generic option to improve the FF is to enhance the carrier
extraction velocity of the transport layers. This not only improves
the FF, but also indirectly determines the short-circuit current
density, as the effective carrier extraction velocity limits the film
thickness and, hence, the short-circuit current density. Accord-
ing to theoretical research conducted by Akel et al., a sufficiently
long diffusion length of an absorber (commonly expressed as
“LD ≫ d”) is a necessary but not a sufficient condition for effi-
cient charge collection. A more crucial determinant of efficient
charge collection is “Sext𝜏bulk ≫ d”, where 𝜏bulk is the lifetime of
the absorber, and Sext is the extraction velocity in the transport
layer, which refers to the rate at which electrons (or holes) are
transported through the transport layers. Meanwhile, Sext is pro-
portional to the mobility of the transport layer and the potential
difference across the transport layer. Therefore, the properties of
the transport layer have a direct impact on the fill factor and short-
circuit current.[38] Experimental findings by Wang et al. further
corroborate the relationship between Sext and FF, which is espe-
cially vital for thick-film devices. They emphasized that not only
the mobility-lifetime product of the absorber and the interface
recombination velocity, but also the properties of the transport
layer (e.g., mobility) are critical factors in charge-carrier extrac-
tion. To achieve the same charge-carrier collection efficiency for
thicker absorber layers, the mobility in the transport layer must
increase proportionally with the thickness increase.[82] In the pre-
ceding discussion, it has been noted that Peng et al. successfully
fabricated ≈1 cm2 devices with a fill factor up to 86%, utilizing
well-designed transport layers, such as a sparse array of TiO2
nanorods[83] and a heavy doping TiOxNy film.[84] Other examples
abound, for instance, Zhou et al. developed a multifunctional or-
ganic hole transport layer “T2” based on a thiomethyl-substituted
fluorene arm, resulting in an FF increased from 82% to 85%
compared to the typical Spiro-OMeTAD hole transport layer.[3]

Yu et al. improved the FF from 77% to 84% through the design
of NiOx/SAMs double hole transport layer.[85] Moreover, there is
a third alternative for increasing the FF by enhancing the quality
of the perovskite film. According to the criterion from Akel et al.,
both 𝜏bulk and Sext are crucial for effective charge collection.[38]

Enhancing the quality of the film and minimizing the impact of
recombination centers can improve 𝜏bulk. Chiang et al. attained
a high fill factor of 86% for MAPbI3 solar cells by optimizing
grain size to reach a size of 1.5 μm, while the film thickness was
≈470 nm for comparison.[86] However, given that the nonradia-
tive recombination loss in films is presently minimal, it is likely to
be challenging to further increase the FF through this approach.
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7. Conclusion and Outlooks

In this study, we quantified the development of efficiency-
limiting loss mechanisms for halide perovskite solar cells on the
technological path from small-area cells to large-area modules.
To enable comparability of the quantities of interest within the
wider material family of halide perovskites, we calculated the per-
formance fractions in the SQ model, nonradiative recombination
loss, and five figures of merit to visualize the photocurrent losses,
resistive losses, and recombination losses. All these data were
used to analyze changes in the loss distribution during the adop-
tion of commercial preparation techniques, upscaling area sizes,
and enhancement of stability.

To date, perovskite solar cells have achieved an efficiency of
over 26%[1] and have approached 85% of the SQ limit. How-
ever, for a module with an area >800 cm2, the efficiency and
𝜂/𝜂SQ are only ≈19%[2] and ≈60%, respectively. The widely used
spin-coating process is not suitable for large-area photovoltaics
and exhibits significant photocurrent degradation upon upscal-
ing. Vacuum-evaporated devices have made the most significant
advancements in recent years, with the recorded efficiency in-
creasing from 20.5%[20] (in 2022) to 26.21%[3] (in 2024). These
devices can achieve high current densities and exhibit minimal
photocurrent degradation during upscaling. However, the poten-
tial for thicker film preparation has not yet been fully realized
owing to the limitation in the carrier extraction velocity. Mean-
while, FF degradation was too pronounced when upscaling the
device/module area. In addition, it is necessary to explore ap-
proaches to increase the evaporation rate and to use a vacuum
process for the entire device preparation procedure in the fu-
ture, which will directly impact the commercialization prospects.
Currently, blade coating is considered the most effective method
for scaling up, as it typically exhibits the highest module effi-
ciencies within the 10–100 cm2 area range and experiences the
least degradation of performance during the upscaling process.
Slot-die coating is another promising technology for commercial-
ization; however, at present, the performance of both lab-sized
cells and large-area modules is inferior to that of evaporated and
blade-coated cells/modules. However, in light of its similar prepa-
ration principle and technical issues associated with blade coat-
ing, it is expected that slot-die coating will also undergo rapid
progress in the future. The primary challenge with blade coat-
ing and slot-die coating is the competing relationship between
film quality and thickness/composition owing to the use of high-
boiling-point solvents. Although other processes, such as inkjet

Table 3. Performance of the single-junction cell with certified efficiency,
corresponding to Figure 1a.

Classification Eip
g

[eV]
VOC [V] JSC

[mA cm−2]
FF
[%]

𝜂 [%] Area
[cm2]

Refs.

GaAs 1.42 1.127 29.78 86.7 29.1 0.998 ap [88]

c-Si 1.09 0.7434 42.6 86.2 27.3 243.1 da [1b]

Perovskite 1.53 1.193 26.49 84.5 26.7 0.0519 da [1b]

CIGS 1.09 0.734 39.58 80.4 23.35 1.043 da [89]

CdTe 1.40 0.8996 31.40 79.3 22.4 0.4497 da [90]

OPV 1.45 0.891 26.69 80.84 19.23 0.03084 ac [91]

printing, screen printing, and spray coating, have made good
progress, they are currently unable to compete with vacuum evap-
oration, blade coating, and slot-die coating in the field of module
fabrication when compared side-by-side. In this study, we discuss
potential mitigation strategies to address these challenges.

In the past decade, perovskite solar cells have undergone rapid
development. The focus of performance optimization has mainly
been on reducing energy loss and increasing open-circuit voltage.
However, with the development of defect passivation techniques,
nonradiative recombination voltage loss no longer dominates the
device performance, which can be reduced to less than 50 mV in
lab-scale spin-coated, evaporated, and blade-coated devices. Con-
sequently, the FF loss overtakes the nonradiative recombination
voltage loss as the dominant performance factor. This is also ev-
ident in a side-by-side comparison with c-Si and GaAs devices
(Figure 1), where the perovskite cell/module shows a much larger
FF loss. Additionally, solar cells prepared using scalable methods
(such as vacuum evaporation, slot-die coating, inkjet printing,
screen printing, and spray printing methods), as well as emerg-
ing perovskite cells (such as quasi-2D perovskite), suffer from
large FF losses. Furthermore, the process of increasing the de-
vice size and improving the stability is always accompanied by an
increase in the FF loss. The sources of FF loss are diverse and re-
quire various mitigation strategies. In this study, we discuss these
strategies in detail. Here, we would like to emphasize one of the
generic strategies: improving the carrier extraction velocity of the
transport layer. It has been proven that efficient charge collection
requires the condition “Sext𝜏bulk ≫ d”[38] to be satisfied. Given the
difficulty in further increasing 𝜏bulk, the carrier exchange rate Sext,
which depends on the properties of the transport layers, is cru-
cial. An increased Sext value not only improves the FF but also
relaxes the limitation on the film thickness d, thereby enabling
an increase in film thickness and a further enhancement of the
short-circuit current density. It is important to note that in many
cases, the short-circuit current density accounts for two of the
largest loss distributions along with the FF.

8. Performances Tables

Here, we list the details of the data points discussed in this study.
For the modules, equivalent VOC and JSC for each individual sub-
cell are calculated by dividing (multiplying) reported VOC (JSC)
value to connected subcell numbers.

Table 4. Performance of single-junction modules with certified efficiency
corresponding to Figure 1b. The subcell numbers are listed in table. We
estimated the cell numbers (labeled with es) according to the reported VOC
value for parts of the modules that had not stated the cell number.

Classification Eip
g

[eV]
VOC
[V]

JSC
[mA cm−2]

FF
[%]

𝜂

[%]
Area
[cm2]

Refs.

GaAs (10 cells es) 1.42 1.108 26.58 85.3 25.1 866.45 ap [92]

c-Si (112 cells) 1.14 0.742 40.54 82.8 24.9 17 753 da [1b]

CdTe (260 cells es) 1.42 0.876 28.91 76.8 19.5 23 582 da [19b]

CIGS (70 cells) 1.12 0.686 37.95 73.7 19.2 841ap [93]

Perovskite (39 cells) 1.57 1.146 23.01 70.3 18.6 809.9 da [94]

OPV (38 cells es) 1.41 0.832 23.32 74.6 14.5 204.11 da [2]
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Table 5. Performances, areas, and perovskite preparation processes for high-efficiency hybrid perovskite solar cells and modules. The active area is
defined as the default device area for the cells. For modules, label M is noted on the upper right of the area, and the designated, active, and aperture
areas are labeled as da, ac, and ap, respectively.

Eip
g [eV] VOC [V] JSC [mA cm−2] FF [%] 𝜂 [%] Area [cm2] Preparation Refs.

1.54 1.192 26.47 84.11 26.54 0.057 Spin [95]

1.55 1.174 26.13 85.2 26.15 0.05 Spin [1c]

1.55 1.167 26.45 80.1 24.74 1.04 Spin [1c]

1.54 1.201 25.73 84.6 26.1 0.051 da Spin [90]

1.54 1.19 26 84 26 0.0746 da Spin [94]

1.56 1.181 25.14 84.8 25.2 0.0937 Spin [19a]

1.54 1.1885 25.74 83.2 25.5 0.0954 Spin [96]

1.54 1.179 25.8 84.6 25.7 0.09597 Spin [19b]

1.58 1.208 25.08 84.37 25.56 0.06 Spin [34]

1.58 1.2 24.8 84.14 25.13 0.06 Spin [34]

1.53 1.16 25.73 82.5 24.5 0.1 Spin [12c]

1.53 1.176 26.09 83.84 25.72 0.0803 Spin [59]

1.53 1.158 25.4 79.05 23.25 1 Spin [59]

1.53 12.1 2.289 77.9 21.67 20 M ac Spin [59]

1.53 18.43 1.457 76.6 20.56 64 M ac Spin [59]

1.54 1.179 25.8 84.6 25.73 0.09597 Spin [19g]

1.53 1.15 26.13 84.6 25.49 0.058 Spin [29]

1.54 1.182 26.3 82.7 25.6 0.0741 Spin [33]

1.54 1.162 26.39 82 25.2 1.0347 da Spin [90]

1.55 1.12 23.82 79 21.08 1.02 Spin [97]

1.61 1.205 21.8 83.6 21.96 1.02 Spin [83]

1.58 1.178 22.73 84.4 22.6 1.0189 Spin [98]

1.57 1.213 24.99 78.3 23.7 1.062 Spin [19b]

1.56 1.135 25.625 80.5 23.41 1.04 Spin [99]

1.53 1.161 24.91 78.47 22.69 1 Spin [100]

1.55 1.16 25.69 75.8 22.6 1.00142 Spin [101]

1.56 1.183 24.55 77.27 22.26 1.0085 Spin [102]

1.54 1.15 25.283 76.27 22.1 1.0036 Spin [103]

1.53 1.158 25.4 79.05 23.25 1 Spin [59]

1.58 1.17 25.05 79.48 23.3 1 Spin [34]

1.53 1.173 23.62 83.4 23.11 0.14 Spin [57]

1.53 1.17725 22.45917 78.5 20.75 23.27 M ac Spin [57]

1.53 1.17725 20.304 78.5 18.76 25.74 M ap Spin [57]

1.53 1.16 19.9716 75.3 17.44 59.33 M ac Spin [57]

1.53 1.16 18.168 75.3 15.87 65.22 M ap Spin [57]

1.54 1.175 26.47 84.94 26.41 0.1 ap vacuum [3]

1.54 1.195 26.18 79.5 24.88 1 ap vacuum [3]

1.54 1.096 25.65 76.31 21.45 14.4 M vacuum [3]

1.52 1.11 24.88 77.2 21.32 0.09 Vacuum [30]

1.52 1.092 23.78 56.22 14.6 9.6 M Vacuum [30]

1.61 1.06 23 74.6 18.1 0.155 Vacuum [35]

1.59 1.12 23.3 77.7 20.28 0.16 Vacuum [60]

1.59 1.12 22.2 76.32 18.97 1 Vacuum [60]

1.59 6.71 3.68 73.44 18.13 21 M ac Vacuum [60]

1.54 1.152 25.92 81.78 24.42 0.1 Vacuum [8a]

1.54 1.128 25.87 80.36 23.44 1 Vacuum [8a]

1.54 1.1195 25.308 70.14 19.87 14.4 M ap Vacuum [8a]

1.53 1.05 25.7 75.91 20.4 0.16 Vacuum [104]

(Continued)
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Table 5. (Continued)

Eip
g [eV] VOC [V] JSC [mA cm−2] FF [%] 𝜂 [%] Area [cm2] Preparation Refs.

1.55 1.161 25.52 82.2 24.36 0.1 Vacuum [31]

1.59 1.138 22.3 71.4 18.1 1.4 Vacuum [36]

1.59 1.11129 22.05 75.2 18.4 6.4 M ac Vacuum [36]

1.55 1.17 25.5 82.5 24.6 0.08 ac Blade [8c]

1.55 1.18 22.98 80.32 21.78 26.9 M ap Blade [8c]

1.54 1.13 26.19 81.7 24.31 0.04 ac Blade [8d]

1.57 1.164 24.92 82.87 24.04 0.048 Blade [105]

1.60 1.1 23.2 75.58 20.05 0.1 Blade [106]

1.60 1.09 22.35 73.93 18.02 1 Blade [106]

1.56 1.18 23.6 79 22 0.08 Blade [41b]

1.56 1.2 23.5 77.7 21.9 0.08 Blade [107]

1.55 1.16 23.4 79.4 21.5 0.08 Blade [41c]

1.61 1.14 22 80 20 1.1 Blade [41c]

1.54 1.192 24.01 81.04 23.19 0.04 Blade [42]

1.54 1.193 23.98 73.54 21.04 0.98 Blade [42]

1.60 1.213 23.16 80.09 22.51 0.04 Blade [42]

1.60 1.213 22.5 74.66 20.37 0.98 Blade [42]

1.54 1.17 23.9 83.6 23.4 0.08 Blade [43]

1.54 1.17 N/A 77.3 18.5 35.8 M ap Blade [43]

1.54 1.17 24.1 84.2 23.8 0.08 Blade [39]

1.54 1.17 21.8 78.6 20.1 17.9 M ap Blade [39]

1.54 1.17 23.7 78.6 21.8 16.46 M ac Blade [39]

1.54 1.15 21.5 79.8 19.7 50.1 M ap Blade [39]

1.54 1.15 23.37 79.8 21.4 46.09 M ac Blade [39]

1.54 1.189 24.75 78.8 23 0.04 Blade [41a]

1.54 1.197 24.48 73.8 21.6 0.98 Blade [41a]

1.61 1.24 23.82 77.4 22.8 0.04 Blade [41a]

1.55 1.173 24.38 83.9 24.02 0.16 Spin [8b]

1.55 1.16143 23.04167 80 21.4 21.504 M ac Spin [8b]

1.55 0.995 22.09375 72 15.83 196.8 M ac Blade [8b]

1.55 1.16143 22.12 80 20.5 22.4 M ap Blade [8b]

1.55 0.995 21.21 72 15.3 205 M ap Blade [8b]

N/A 1.08 22.92 79.9 19.78 0.12 Blade [108]

N/A 1.0075 24.4 72.5 17.82 18 M ac Blade [108]

N/A 0.94 23.8 74.3 16.6 47 M ac Blade [108]

1.52 1.121 25.7 78.8 22.7 0.09 Slot-die [52]

1.52 1.1375 22.62626 76.2 19.6 7.92 M ac Slot-die [52]

1.5155 1.088 22.35294 76.4 18.6 10.2 M ac Slot-die [52]

1.59 1.09 23.53 80.9 20.8 0.1 Slot-die [50]

1.59 1.01 20.53 69.5 14.4 6.8 M ac Slot-die [50]

1.59 1.138 23.673 77.322 20.831 0.16 Slot-die [54]

1.59 1.08 21.8 78.9 18.5 1 Slot-die [109]

1.59 1.08 N/A 73.9 16.7 20.77 M ac Slot-die [109]

1.57 1.113 24.54 78.26 21.38 0.089 Slot-die [53]

1.66 1.2 20.7 78.7 19.52 0.16 Slot-die [110]

1.58 1.138 23.673 77.322 20.831 0.16 Slot-die [54]

1.54 1.16 24.8 81.4 23.4 N/A Slot-die [21]

1.59 1.108 21.7 79.8 19.2 0.09 Slot-die [56]

1.59 1.05833 22.46809 71.8 17 11.28 M ac Slot-die [56]

1.59 1.10063 20.96 73.5 18.1 37.6 M ac Slot-die [56]

(Continued)

Adv. Energy Mater. 2025, 15, 2403706 2403706 (22 of 28) © 2024 The Author(s). Advanced Energy Materials published by Wiley-VCH GmbH

 16146840, 2025, 3, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/aenm

.202403706 by Forschungszentrum
 Jülich G

m
bH

 R
esearch C

enter, W
iley O

nline L
ibrary on [21/01/2025]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

http://www.advancedsciencenews.com
http://www.advenergymat.de


www.advancedsciencenews.com www.advenergymat.de

Table 5. (Continued)

Eip
g [eV] VOC [V] JSC [mA cm−2] FF [%] 𝜂 [%] Area [cm2] Preparation Refs.

1.57 1.093 22.5 77.1 19 N/A Slot-die [111]

1.57 1.08 18.96 74.1 15.2 12 M ap Slot-die [111]

N/A 0.94 22.49 74.6 12.87 60.08 M ac Slot-die [112]

1.14 22.1 75.5 19.1 1.14 N/A R2R (gravure
printing) flexible

[61]

1.19 22.21 82.33 21.76 1.19 0.0365 R2R (blade coating)
flexible

[22]

N/A 1.11 24.6 80 21.6 0.105 Inkjet [23]

1.72 1.15 20.5 80.5 19 N/A Inkjet [113]

1.60 1.108 23.48 76.2 19.6 0.004 Inkjet [114]

1.60 N/A N/A N/A 17.9 1.01 Inkjet [114]

1.61 1.11 23.1 82 20.7 0.105 Inkjet [115]

1.58 1.14 23.12 77.9 20.52 0.05 Screen [24]

1.58 1.097 23.93 69 18.12 1 Screen [24]

1.58 0.942 21.15 59.3 11.8 16.37 M ac Screen [24]

N/A 1.07 24.1 70.5 18.2 N/A Spray [116]

1.61 1.09 23 77.3 19.4 0.025 Spray [117]

1.57 1.14 22 77.8 19.5 N/A Spray [118]

N/A 1.1 23.5 78 19.6 0.024 Spray [25]

1.55 1.067 22.10 76.1 17.9 800 M da N/A [119]

N/A N/A N/A 76.9 20.5 63.98 M N/A [120]

N/A 0.83636 21.34 51 9 220 M ac Drop casting [121]

1.56 1.21 24.8 84.7 25.4 0.08 Spin [122]

1.52 1.184 25.27 83.37 24.9 0.1 Spin
flexible

[28b]

1.54 1.152 25.47 83.31 24.48 0.0581 Spin
flexible

[123]

1.54 1.136 25.36 83.57 24.08 N/A Spin
flexible

[124]

1.55 1.186 25.39 83.14 25.05 0.04 Spin
flexible

[28a]

Table 6. Performances, areas, and perovskite preparation processes for
high-efficiency quasi-2D perovskite solar cells.

Eip
g

[eV]
VOC
[V]

JSC
[mA cm−2]

FF [%] 𝜂 [%] Area
[cm2]

Preparation Refs.

1.55 1.18 22.45 79.53 21.07 0.02985 Spin [76]

1.55 1.16 23.55 67 18.38 1 Spin [76]

1.59 1.14 23.54 73.51 19.72 N/A Spin
(hot-cast)

[79]

1.60 1.09 21.77 76 18.06 0.05025 Spin [125]

1.61 1.14 22.26 74.92 18.48 0.09 Spin [126]

1.63 1.23 18.22 81.2 18.2 0.03 Spin
(hot-cast)

[127]

1.62 1.22 19.91 78.56 19.08 0.04 Spin [128]

1.55 1.16 21.37 78.88 19.55 0.08875 Spin [129]

1.59 1.175 22.99 81.07 22.26 0.125 Spin [15c]

1.62 1.17 22.4 80.3 21 0.09 Blade [77]

1.56 1.16 22.86 78.53 20.9 N/A Spin [78]

Table 7. Performances, areas, and perovskite preparation processes of re-
ported high-efficiency all-inorganic perovskite solar cells.

Eip
g

[eV]
VOC
[V]

JSC
[mA cm−2]

FF [%] 𝜂 [%] Area
[cm2]

Preparation Refs.

1.70 1.198 20.59 82.5 20.37 0.094 Spin [130]

1.71 1.148 20.76 84.3 20.08 0.09 Spin [131]

1.72 1.23 19.94 80.11 19.65 0.09 Spin [74]

1.70 1.244 20.6 82.52 21.15 0.09 Spin [66]

1.69 1.22 20.64 82.1 20.67 0.09 Spin [132]

1.70 1.229 20.51 83.3 20.98 0.09 Spin [67]

1.69 1.17 20.6 83 20.01 0.09 Blade [133]

1.71 1.233 20.55 81.9 20.8 0.09 Spin [73]

1.70 1.2 20.58 82.87 20.5 0.09 Spin [134]

1.68 1.24 20.3 81.23 20.47 0.09 Spin [135]

1.72 1.26 20.71 83.8 21.86 0.064 Spin [65]

1.70 1.22 21.72 81.5 21.59 0.09 Spin + evaporation [71]

1.74 1.27 19.4 85.31 21.02 0.0737 Spin [69]
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Table 8. Performances of reported highly stable perovskite solar cells that
can endure a 1000 h stability test.

Eip
g

[eV]
VOC
[V]

JSC
[mA cm−2]

FF
[%]

𝜂 [%] 𝜂 at 0 h
[%]

𝜂 at 1000 h
[%]

E1000h
[Wh cm−2]

Refs.

1.53 1.16 25.74 80.2 23.9 22.9 23.4 23.3 [12c]

1.55 1.164 24.8 80.9 23.35 23.4 22.9 23.3 [80a]

1.53 1.15 26.2 82 24.7 23.8 22.6 22.8 [80b]

1.53 1.158 25.25 84.3 24.7 23.1 20.7 22.0 [80c]

1.55 1.15 24.33 78.65 22.01 22.0 20.6 21.2 [80d]

For perovskite cells, the active area (labeled with ac in the fol-
lowing tables) is normally used to determine the device area be-
cause the light illuminates from the TCO side, and there is no
channel, finger electrode, or other shelter. In other words, no
dead area was included in the measurements. Note that the ac-
tive area is also the default device area for the data without any
labels in the following tables. As for the modules, both the ac-
tive area and aperture area (labeled with ap) have been reported
in the literature. Owing to the existence of a dead area (caused
by lines P1, P2, and P3), the active area is smaller than the aper-
ture area.[8b,39,56,57] For any other type of cells/module (such as
GaAs, Si, CIGS, etc.), the total area (labeled with t), aperture area,
and designated area (labeled with da) are used. The relationships
between them have been well explained by Green et al.[87] The
total area is the total projected area, including all the compo-
nents and even the module frame. The aperture area generally
excludes the frame but includes active layers, busbars, fingers,
and interconnects,[87] while the designated area further excludes
all or parts of the busbars, fingers, and interconnects. Masks are
widely used to restrict illumination areas. The designated area
was the same as the active area for most laboratory perovskite
cells (Tables 3–8).
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